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ABSTRACT 
Pressure, temperature and fluid conditions of the main Ml metamorphic event in the 
Vestfold Hills were constrained using a suite of gneiss and calcsilicates from the 
Chelnok Paragneiss unit. Reintegrated compositions of exsolved subcalcic 
clinopyroxenes (W03234En 1213Fs54) and pigeonites (Wo ioi i En2oFs6970) in 
metaironstone yield T in the range 860-930°C, whilst reintegrated compositions of 
perthitic feldspars give minimum estimates of 860±30°C for the Mi metamorphic 
event. Peak temperatures of Ml are also constrained to be >820°C by the stability of 
meionitic scapolite (EqAn=82) in the calcsilicates and fluids at peak conditions were 
aCO2<0.5. These results support those of Harley (1993) but rule out the extreme T 
conditions proposed by Collerson & Sheraton (1983): the Vestfold Hills is not an 
example of UHT metamorphism. Pressures of metamorphism during Di-Mi are 
estimated as 7.8-9.1kb at 860±30 °C from the equilibrium hercynite + sillimanite = 
almandine + corundum. Pressures of 7.6±1.2kb are calculated using retrieval 
methods based on Fe-Mg-Al relations in orthopyroxene coexisting with garnet when 
the phase Fe/Mg ratios are readjusted to yield T=850°C. In all, Ml metamorphism 
of the Chelnok Paragneiss occurred at peak P-T conditions of 7.6±1.2kb and 
860±30°C. 
A post peak re-equilibration at 600-660°C and 6.0±1.0 kb condition was estimated 
using two-pyroxene thermometry on late-D 1 to post-D 1 pyroxene neoblasts 
replacing coarser exsolved pyroxenes in a metaironstone and applying 
thermobarometry on post-Mi garnet-quartz symplectites that developed around 
coarser orthopyroxene and garnet. 
Calcsilicate granulites that occur as rare decimetre-scale lenses preserve a complex 
history of post-peak grandite garnet (and clinOzoisite) fonnation at the expense of 
assemblages involving scapolite, plagioclase, clinopyroxene, calcite and grossular-
rich garnet. Late andraditic garnets occur as coronas and symplectites, in fracture 
networks and veins, and as metasomatic rinds on scapolite-plagioclase-clinopyroxene 
assemblages, consistent with their production through fluid infiltration. Initial 
coronas resulted from the infiltration of fluids with aCO 2<0.6 at T> 820°C, whilst 
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later infiltration of fluids with aCO 2=0.02-0. 15 at 660-710 °C led to the successive 
development of clinozoisite and garnet. Mineral compositional zoning together with 
balanced chemical reactions producing garnet through the consumption of 
clinopyroxene demonstrates that: 1) garnet formation requires consumption of the 
esseneite component in clinopyroxene; and 2) the reactions are open-system, 
requiring the addition or removal of Si0 2 , probably dissolved in the infiltrating fluid. 
Fluid infiltration into the Chelnok calcsilicates, most likely associated with the 
emplacement of the Crooked Lake Gneiss Group and subsequent D2 deformation, 
does not require high terrain-integrated fluid fluxes as the calcsilicates constitute less 
than 0.1% of the exposed granulites. 
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1.1 INTRODUCTION 
The Vestfold Hills is one of three major Archaean-Palaeoproterozoic cratons that 
occur in the East Antarctic Shield. It is composed of orthogneiss and minor 
paragneiss that are grouped into five lithological units: the Tryne Mafic Gneiss, 
Chelnok Paragneiss, Taynaya Paragneiss, Mossel Gneiss, and Crooked Lake Gneiss 
Group (Snape et al., 2001). The magmatic precursors of the orthogneiss were 
emplaced into the crust in many different pulses mainly before and during two high 
grade metamorphic events with associated deformation at 2496.3 Ma (Di-Mi) and at 
2475.3 Ma (D2-M2) (Collerson & Sheraton, 1986a; Harley, 1983). A third 
deformation episode (D3) with no associated metamorphism took place in the 
interval 2475.3±0.7-2477±5 Ma. With the D3 episode the accretion and high grade 
evolution of the Vestfold Hills is accomplished. The later Proterozoic evolution of 
the terrain is marked only by the intrusion of dyke swarms ( Vestfold Dyke Swarms) 
and formation of localised brittle to ductile structures (Passchier et al., 1991; Lanyon 
et al. 1993; Seitz, 1994; Snape et al., 2001). 
Mineral assemblages in the gneiss of the Vestfold Hills have been used previously to 
estimate the P-T conditions of metamorphism for Ml and M2, with conflicting 
results. Whereas Collerson & Sheraton (1 986a) estimated P-T conditions in the range 
8-10 kb and 900-1050°C for Ml, Harley (1993) obtained peak Ml conditions of only 
830-880°C at P<8.5 bar from the Taynaya Paragneiss. There are also contrasting 
estimates for the M2 event. Whereas Collerson and Sheraton (1 986a) estimated P-T 
conditions in the range of 750-850°C and 6-8 kb, Snape (1997) claimed that the M2 
event took place under upper amphibolite-facies conditions. Snape (1996) also 
suggested the existence of a pre-M 1 metamorphic episode whose conditions have not 
been constrained yet. Finally, the fluid conditions attaining metamorphism in Ml and 
M2 have not been investigated or established even though it is apparent that M2 
hornblende development was intense. 
Chapter 1 	 Introduction 
1.2 AIM OF THE STUDY 
In this work a suite of paragneisses and calcsilicates from the Chelnok Paragneiss 
have been investigated in order to resolve and constrain the P-T conditions of peak 
metamorphism, and document its post-peak fluid-rock interaction history. 
1.3 THESIS OUTLiNE 
Chapter 2 is an introduction to the geology of Antarctica, the Prydz Bay and the 
Vestfold Hills which provide a background from which to discuss the issues this 
work intends to tackle and the approaches to solve them. 
The textural evolution and mineral chemistry of the gneiss of the Vestfold Hills is 
discussed in Chapter 3. 
The problem of how to estimate pressure and temperature from rock minerals is the 
subject of Chapter 4. This chapter shows how it is possible to link the chemical 
composition of minerals to pressure and temperature using thermodynamic 
expressions. It also discusses what are the main methods used for thermobarometry' 
and which ones are most suitable for the lithologies considered in this work. Finally 
the limitation of the use of thermobarometry (imprecise calibration of reactions, 
inaccurate models for thermodynamics of solid solutions, errors in the estimation of 
Fe3 and effect of cation order/disorder in minerals and synthetic phases) are 
explained together with a method to recover peak P and T conditions in rock which 
underwent post-peak cation exchange. 
Textural analysis and mineral chemistry of the gneiss presented in chapter 3 are used 
in Chapter 5 to estimate the conditions of metamorphism of the Vestfold Hills. The 
pressure and temperature estimates presented in this chapter have been obtained 
applying the methods discussed in chapter 4. 
Chapter 6 presents an introduction to how petrogenetic grids and compatibility 
phase diagrams can be used to interpretate textures in the calcsilicates in terms of 
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metamorphic evolution and describes the textural analysis of calcsilicates. 
Calcsilicates are grouped into six textural types and the retrograde evolution of each 
one is presented. In this chapter are also presented some evidence for fluid 
infiltration and silicon metasomatism in some gneiss surrounding the calcsilicates. 
The mineral chemistry of the calcsilicates is described in Chapter 7. Particular 
attention is paid to the variation in chemical composition of garnet according to the 
textural type and to its microstructural position. Formation of both prograde and 
secondary garnet is modelled into a CaO-Fe 2 O-Fe3 2O3-SiO2-H2O-CO2 (CAFSV) 
system considering the consumption of the Esseneite and Hedenbergite component 
of clinopyroxene. 
The mineral reactions inferred from the textural analysis of chapter 5 are interpreted 
in terms of chemical reaction in a CaO-A1 203 -Si02-H20-0O2 (CASV) system in 
Chapter 8. This chapter also discusses the limitations and assumptions involved in 
the construction of activity-corrected grids. Temperature, pressure and fluid 
evolution of the rocks are also analysed using activity-corrected grids. Finally the 
chapter discusses the origin of the quartz-calcite veins and Si0 2-CaCO3 rich fluids 
during retrograde metamorphism. 
Chapter 9 presents a synthesis of the temperature and fluid constraints derived from 
the investigation of the calcsilicates and speculates about the timing and origin of the 
fluids. 
In Chapter 10 pressure, temperature, and fluid constraints derived from the different 
lithologies are brought together into an evolution model of the Vestfold Hills. 
Chapter 2 	 Geological background 
Chapter Two 
Geological background 
Chapter 2 	 Geological background 
2 Geological background 
2.1 INTRODUCTION 
The aim of this chapter is to introduce the geology of Antarctica and of the Prydz 
Bay area with particular attention to the Vestfold Hills and to provide a background 
from which to discuss the issues that this work intends to tackle and the approaches 
used to solve them. Section 2.2 gives a brief introduction to the main geological 
features of Antarctica. Section 2.3 describes the general geology of the three Prydz 
Bay areas focusing on the Vestfold Hills, the Rauer Terrain and the Prydz Bay Belt. 
A more detailed description of the Vestfold Hills is presented in section 2.4. The 
geological description provided here is largely developed from the rationale of 
Harley (2003). Finally section 2.5 discuses the issues that this work intends to tackle 
and the approaches to solve them. 
2.2 THE GEOLOGY OF ANTARCTICA 
Antarctica has an area of about 14 million km 2 but only around two percent of its 
territory is ice-free (figure 2.1). Rock outcrops are predominantly exposed at the 
edges of the ice-sheet as islands and coastal outcrops. Bedrock may also be exposed 
as peaks of isolated mountains (nunataks) or extensive mountain ranges within the 
surrounding ice sheet, and as "dry valleys" ("oases") that are permanently ice-free. 
The TransAntarctic Mountains (TAM) is a mountain range stretching for over 
3000km from the Antarctic Peninsula to Cape Adare that divides Antarctica into two 
geologically different areas: East Antarctica and West Antarctica (figure 2.2). This 
mountain range is composed of a metamorphic basement that was deformed, 
metamorphosed and intruded by granites during the Ross Orogeny between 540-480 
Ma (Goodge et al., 1993; Stump E., 1995; di Vincenzo et al. 1997; ShUssler at al., 
1999). A thick sedimentary cover sequence of Devonian to Triassic age called the 
Beacon Supergroup and voluminous doleritic sills and basaltic lavas of the Ferrar 
Group overly the metamorphic basement. The uplift of the mountains is far more 
recent and occurred since the late Mesozoic and mostly in the Cenozoic (Behrendt 
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and Cooper, 1991; Fitzgerald, 1992; Stump and Fitzgerald, 1992; Fitzerald and 
Stump, 1997). 
East Antarctica is a continental shield consisting of a number of distinct geological 
terrains that experienced major phases of crustal formation over a period spanning 
from the Archaean to the Cambrian (Tingey, 1991). These areas can be divided into 
small Achaean to Palaeoproterozic cratons (Napier Complex, Grunehogna craton, 
Vestfold Hills of Prydz Bay, Denman Glacier region and the Mawson Block) 
surrounded by younger mobile belts that formed during collision events that took 
place during Mesoproterozoic to Cambrian. Major metamorphism and deformation is 
interpreted to have last affected the East Antarctic Shield (EAS) at about 500 Ma 
(Harley, 2003). 
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Figure 2.1: Geographical map of Antarctica. 
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The Archaean to Palaeoproterozic terrains of East Antarctica are composed of 
structurally interlayered ortho- and paragneiss that experienced a prolonged 
deformation and metamorphic evolution (James and Tingey, 1983). After their 
formation and early evolution, these terrains were little affected by later events, 
which only affected their marginal areas (Sheraton et al., 1987; Kelly et al., 2000). 
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Figure 2.2: Tectonic domains in Antarctica. Squares indicate the area in Prydz Bay where the Vestfold 
Block occurs. 
The key tectonothermal events recorded in EAS are late Archaean to earliest 
Palaeoproterozoic (2840-2480 Ma), Palaeoproterozoic (2500-1400 Ma), Meso- to 
Neoproterozoic (1400-900 Ma), and Neoproterozoic to Cambrian (1000-550 Ma). 
Rocks of the EAS can be divided into four categories (figure 2.3) according to their 
ages, extent of reworking, and nature and ages of the reworking events (Harley, 
2003): 
1- Archaean to Palaeoproterozoic terrains with little to negligible later overprinting 
from later tectonic events. These terrains occur around the coast of EAS and the 
principal are: the Napier Complex of Enderby Land; the Grunehogna craton of 
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western Dronning Moud Land; the Vestfold Hills of Prydz Bay; Denman Glacier 
region; and the Mawson Block of Adelie Land. 
2-Archaean or mixed ArchaeanfProterozoic areas with strongly polyphase histories 
in which younger tectonic events (e.g. 1100-930 or 600-500 Ma) have partially to 
largely overprint the earlier evolution. In this category falls the Ruker Terrain of 
the Southern Prince Charles Mountains, the Rauer Terrain of Prydz Bay and the 
eastern margins of the Napier Complex. 
Proterozoic terrains that largely preserve Mid- to Neoproterozoic histories (1400-
900 Ma) and show only minor overprint of younger events (e.g. 5 50-500). These 
terrains are grouped into three provinces that are the Maud (Dronning Maud 
Land), Rayner (Enderby, Kemp and MacRobertson Lands) and Wilkes (Wilkes 
Land coast). 
Areas with extensive "Pan-African" (650-500 Ma) high-grade metamorphism, 
magmatism and deformation. These areas are the Dronning Maud Land belt, the 
Liitzow-Holm belt, the Prydz Bay belt and the Denman Glacier belt. 
The geological development of West Antarctica is in contrast largely Mesozoic and 
Cenozoic. Its formation is related to the break-up of Gondwana, development of a 
Pacific plate and subduction along an Andean-type margin. This part of Antarctica 
can also be divided into two domains: 
Comprising a number of microplates that preserve rotations and histories that are 
distinctive of certain periods of time in the Mesozoic (Daiziel and Elliot, 1982; 
Storey and Garret, 1985; Daiziel and Grunow., 1992; Storey, 1996; Vaughan and 
Storey, 1997). These microplates can be subdivided into inboard and outboard 
microplates. Inboard microplates preserve extensive Palaeozoic histories 
compatible with East Antarctica and do not record significant subduction-related 
magmatism in the Mesozoic. The outboard microplates instead record extensive 
arc-related maginatism or arc-related sedimentation on the edge of East Antarctica 
and with the uplift of the TAM. 
Related to the rift or extensional environment of the Weddell and Ross Seas. 
Extension and rifting in the Ross Sea during the early Creataceous and Tertiary 
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have been linked with the Cenozoic magmatism at the edge of East Antarctica and 
with the uplift of the TAM. 
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recognised by Fitzsimons (2000a) are labelled (Wilkes, Rayner and Maud), along with a possible 
fourth province (Rauer). Pan-African aged belts (Lützow, Prydz and Darling) are also distinguished. 
Abbreviations are: AF (Albany-Fraser); BH (Bunger Hills); cDML (central Dronning Maud Land); 
DG (Denman Glacier); Dhar+Md (Dhawar and Madras); EG (Eastern Ghats); Gr (Grunehogna); KKB 
(Kerala Khondalite Belt); LHB (Lützow-Holm Bay); M (Mawson); Madag (Madagascar); Nap 
(Napier Complex); IIPCM (northern Prince Charles Mountains); Oy (Oygarden Islands); PZ (Prydz 
Bay); IU (Rouer Islands); SL (Sri Lanca); sPCM (southern Prince Charles Mountains); Shack 
(Shackleton Range); SR (Sør Rondane); TA (Terre Adélie) VH (Vestfold Hills); wDML (western 
Dronning Maud Land); WI (Windmill Islands); YB (Yamato-Belgica). 
2.3 GEOLOGY OF THE PRYDZ BAY AREA 
Prydz Bay (figure 2.4) occurs between 70E-80E longitude and 68S-70S latitude in 
East Antarctica. Along its coastline three geologically different terrains are exposed: 
the Archaean to Paleoproterozoic terrain of the Vestfold Hills, the Archaean to 
Cambrian Rauer Terrain and the Neoproterozoic to Cambrian Prydz Bay Belt. A 
description of the geology of such terraines is presented in the following sections. 
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2.3.1 The Rauer Group 
The Rauer Islands (RI, figure 2.3) consists of both Archaean and Proterozoic crustal 
components (Kinny et al., 1993). Their geological evolution is complex and involves 
polyphase reworking of diverse Archaean crustal precursor in Archaean (?) and 
Mesoproterozoic granulite-facies events. All lithologies were later overprinted by 
mylonites and amphibolite- to granulite-facies high strain zones associated with Pan-
African (530-5 50 Ma) tectoninsm in the adjacent Prydz bay Belt (Harley and 
Fitzsimons, 1995). 
The Archaean rocks in the Rauer Islands are mainly tonalitic orthogneiss of >3300 
and ca. 2840-2800 Ma. The latter orthogneiss intrudes and encloses Archaean 
layered igneous complexes (Harley et al., 1998). Supracrustal units with probable 
Archaean depositional ages include marbles and Mg-rich aluminous pelites and 
quartzites. The Archaean orthogneisses, extensively dyked and then deformed again 
in younger events, are interleaved with Mesoproterozoic supracrustals and 1030-
1000 Ma felsic to mafic intrusives that have also experienced high-grade 
metamorphism and partial melting. Fe-rich pelites, quartzites and semipelites, 
calcsilicates, ironstones, and mafic volcanics (Harley and Fitzsimons, 1991) typify 
the younger supracrustal units. The intensity of deformation post-dating thel030 Ma 
granitoids, 1000 Ma leucogranites and various generations of pegmatite is highly 
variable, and many shear-zones may be polyphase, involving the reactivation of 
gneissic fabrics in the overprinting Pan-African deformation (Sims et al., 1994). 
The peak granulite-facies metamorphic conditions that affected both Archaean and 
Mesoproterozoic protolith in the Rauer Islands are 840±40 °C at 20-30 km depths. 
These conditions were followed by a rapid near-isothermal decompression (ITD) of 
7-10 km as indicated by the formation of new mineral intergrowths such as 
wollastonite + plagioclase, orthopyroxene + plagioclase, cordierite, cordierite + 
spinel; Harley and Fitzsimons, 1991). Extreme metamorphic conditions of 1030 °C 
UHT-ITD are recorded at Mather Peninsula in the Rauer Islands by the stability of 
orthopyroxene + Mg-garnet + sillimanite (Harley, 1998). This, together with reaction 
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textures involving garnet and orthopyroxene + sillimanite replaced by lower-pressure 
equivalents such as sapphirine + orthopyroxene + sillimanite, sapphirine + 
orthopyroxene + cordierite and spinel + cordiente indicate decompression from 
depths of 30-40 km to 20-25 km at temperatures of 900-1000 °C. 
The age of the main granulite metamorphism and of the IJIHT event is controversial 
with both 1000 Ma and 550-500 Ma ages being proposed (Kinny et al., 1993; Harley 
and Fitzsimons, 1995; Sims et al., 1994). Despite the extensive isotopic evidence for 
high-grade metamorphism in the Rauer Islands at 550-500 Ma, the preservation of 
cooling ages of nearly 1000 Ma in the supracrustal gneiss confirms the importance of 
the older event. It is likely, therefore, that contrasting Archaean and Proterozoic 
high-grade gneisses have been interleaved in a short-lived Pan-African tectonic event 
focussed along high-strain zones. It is important to note that the lack of a strong 
record of the 1000 Ma metamorphism and deformation in the adjacent Vestfold Hills 
suggest that the Vestfold Hills and the Rauer Terrane were not juxtaposed until 500 
Ma. 
2.3.2 Prydz Bay Belt 
The Prydz Bay Belt is, together with the Dronning Maud Land Belt, the LUtzow-
Hoim Belt, and the Denman Glacier Belt, a "Pan African" metamorphic belt 
occurring in the EAS (Fitzsimons, 2000a, 2000b; Boger et. al., 2001; Harley, 2003). 
"Pan African" belts developed between 650 and 500 Ma and rework, truncate and 
offset three older crustal fragments that were once interpreted to constitute a single 
orogen around the coastline of EAS. 
In the Prydz Bay area (Pz figure 2.3) a highly migmatized granulite-facies 
supracrustal sequence is tectonically interleaved with an orthogneiss-dominated 
sequence that partially preserves older histories (e.g. 960-920 Ma) and may have 
been the basement of the supracrustals (Fitzsimons and Harley, 1991). All mineral 
assemblages and fabrics in the supracrustals reflect intense "Pan African" tectonism 
(Fitzsimons, 1996; Carson et al, 1995). Peak metamorphism, melting and 
deformation under conditions of 20-25 km depths and 800-850 °C occurred at or after 
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535 Ma (Hensen and Zhou, 1995, 1997; Zhao et al., 1995; Carson et a!, 1996; 
Fitzsimons et al., 1997). Extensional ductile deformation at ca. 518 Ma was 
synchronous with exhumation, granite emplacement, and hydrous retrogression of 
peak assemblages as residual melt bodies released their volatiles (Fitzsimons et al., 
1997). In contrast to the supracrustals, the orthogneiss locally preserve 
polymetamorphic reaction textures indicating an early phase of very high-
temperature (900 °C) decompression overprinted by later moderate-temperature (700-
800°C) decompression that is ascribed to the Pan-African tectonic event (Thost et al., 
1991). 
Crust of the Prydz Bay Belt was thickened and metamorphosed at considerable 
depths (up to 40 km if the Rauer Islands UHT can be attributed to the Pan-African 
events) and then underwent lTD to depths of only 12-15 km prior to rapid cooling. 
By 490 Ma the presently exposed granulites of this area were already cooled below 
300°C and probably resident at only <10 km depths in the crust (Fitzsimons et al., 
1997). The rapid exhumation of the metamorphic rocks (1mni1yr) together with the 
deformational evidence for compression followed by extension are compatible with a 
collisional orogeny. 
2.3.3 The Vestfold Hills 
This section gives a brief historical introduction on the exploration of the Vestfo!d 
Hills and summarises the main aspects of its geology. A more detailed account of the 
evolution of the knowledge of the terrain and its geology is provided in section 2.4. 
The Vestfold Hills are located on the eastern side of Prydz Bay where they form a 
roughly triangular ice-free area of about 400 km 2 (figure 2.4). This area consists of 
low rounded hills with a maximum elevation of 158 metres above the sea level and 
three main fjords indent it to form three peninsulas. The Sørsda! Glacier separates the 
Vestfo!d Hills from the adjacent Rauer Group. 
Captain Kiarius Mikkelsen, captain of the Norwegian whaling vessel Thorshaun, 
first sighted the Vestfold Hills on the 20th February 1935 and named it after a county 
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in Norway. A vessel team, including the Captain himself and his wife Caroline, made 
a brief landing on the Tryne Islands. The area was first photographed from the air 
and later mapped by Lars Christensen's expedition in 1936-37, forming part of the 
Hansen Chart. The US Navy during Operation Highjump photographed the area 
again in 1946-47. 
Dr Philip Law of the vessel Kista Dan made the first ANARE (Australian National 
Antarctic Research Expeditions) landing on the Vestfold Hills in1954. The Davis 
Station was established in January 1957 and was named after Captain John King 
Davis. Davis captained the vessel Aurora during the Australasian Antarctic 
Expedition in 19 12-14 and the Discoveiy during the British, Australian and New 
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The Vestfold Hills occurs in the Eastern part of Prydz Bay and it is separated from 
the other cratons of the Napier Complex and Prince Charles Mountains by a 
continuous Proterozoic to Palaeozoic (ca. 1000-500 Ma) high-grade metamorphic 
belt (figure 2.3). This terrain is interpreted to have accreted and quickly evolved in 
50 m.y. time between 2526 and 2477 Ma (Snape et al., 1997; Snape et al., 2001) 
during which it experienced two granulite facies metamorphic events named Di-Mi 
at 2496Ma and Dl-M2 at 2475 Ma (Collerson and Sheraton, 1986; Harley, 1993; 
Snape et al., 1997). Vestiges of a pre-2526 Ma rock precursors are preserved as 
inherited cores of zircons in some orthogneiss with dates ranging from 2660 to 2800 
Ma (Black et al., 1991). These cores of zircons are interpreted to have been derived 
from source rocks at least 2800 Ma in age from which the igneous precursor of the 
gneiss was melted. There is also evidence for a high grade pre-D 1-Mi metamorphic 
event (Snape and Harley, 1996). A list of the events that affected the Vestfold Hills is 
given in table 2.1. 
The Vestfold Hills is composed of orthogneiss and less abundant paragneiss (Snape 
et. al., 2001). The magmatic precursors of the orthogneiss were emplaced into the 
crust in many different pulses before, during and after the two granulite-facies 
metamorphic events (Ml and M2). The rocks of the Vestfold Hills are divided into 
five units according to their lithology and to whether they formed prior, during or 
after the two metamorphic events (Snape et al., 2001). The pre-Mi units include 
Tryne Mafic Units a tectonic intercalation of units of different ages and compositions 
(Snape et al., 2001); ChelnokParagneiss, mainly composed of garnet-bearing 
paragneiss older than 2526±6 Ma; and Taynaya Paragneiss, composed of highly-
magnesian and silica-undersaturated sapphirine-bearing lithologies older than 2501 
Ma; the Mossel Gneiss, a quartzo-feldspatic orthogneiss that intruded both Chelnok 
Paragneiss and Taynaya Paragneiss between 2526 and 2501 Ma; and the Crooked 
Lake Gneiss Group, composed of orthogneiss that intruded earlier lithologies after 
Ml to syn-M2. 
15 
Chapter 2 	 Geological background 
Age 	 Event 	 P-T conditions 
ca. 2800 Ma Inherited zircons 
Pre- 2526 Ma Deposition of the ChelnockParagneiss 
Pre- 2526 Ma Early metamorphism of the Chelnock 
Paragneiss 
Pre- 2501 Ma Deposition of the Taynaya Paragneiss 
2526 to 2501 Ma Emplacement of the Mossel Gneiss 
2496.3 Ma Dl deformation and Ml metamorphism 1000-1100°C at 810kb*  or 
830-880°C at 3.58.5kb" 
2501 to 2475.3 Ma Emplacement of Crooked Lake Gneiss Group 
2475.3 Ma D2 deformation and M2 metamorphism 750-850°C at 6-8 kb * or 
upper amphibolite-facies 
pre- 2472 Ma D3 deformation 
2472 Ma Intrusion of the Snezhnyy Quartz Diorite dykes ** 
2472-2240 Ma Intrusion of group 1 High-Mg tholeiite 
dyke (High-Ti subgroup) 3-5 kb (maybe 1-2 kb) 
Intrusion of group 1 High-Mg tholeiite dykes 
2240 Ma Intrusion of group 2 (?3) High-Mg tholeiite 
dykes 3-5 kb (maybe 1-2 kb) 
Intrusion of group 1 Fe-rich tholeiite dykes 
(Low-Ti and PM subgroup) 
1754 Ma Intrusion of group 2 Fe-rich tholeiite dykes 
D4, M4 ductile mylonite zones amphibolite-facies 
D5 brittle deformation/pseudotachylite <4-5 kb 
? Lamprophyre dyke intrusion 
1380 Ma Intrusion of group 3 Fe-rich tholeiite dykes 4-5 kb 
? Lamprophyre dyke intrusion 
1241 Ma Intrusion of group 4 Fe-rich tholeiite 
dykesfD6-M6 amphibolite-facies 
ca. 1000-500 Ma Amphibolite-facies metamorphism in the SW 602-660°C at 65.6-7.5 kb 
Phanerozoic? ?Late alkaline dykes 
D7 brittle/ductile deformation events 
* Collerson and Sheraton, 1986a; #Harley,  1993;  €Snape  1997; **These  dykes are remnants of 
Crooked Lake magmatism (Black et al., 1991) but have been included by Snape et al. (2001) into the 
VestfoldDyke Swar,n. Those diorites were dated at 2477±5 Ma (Black et al., 1991) and therefore 
provide a lover time constraint of 2472 Ma. 
Table 2.1 Timing and conditions of the events in the Vestfold Hills 
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Three main ductile deformation events, Dl, D2 and D3 are interpreted to have 
affected this terrain (Oliver et al, 1982; Collerson et. al., 1983; Snape et al., 2001). 
The first two deformation episodes are coeval with separate high-grade metamorphic 
events and are associated with the development of mineral fabrics. Effects of the 
third deformation episode are less pervasive and are associated with local 
reorientation of earlier fabrics. The later Proterozoic evolution of the Vestfold Hills 
is marked only by the intrusion of dyke swarms and formation of localised brittle to 
ductile structures (Passchier et al., 1991; Lanyon et al. 1993; Seitz, 1994). Passchier 
et al. (1991) distinguished four Proterozoic deformation events: D4, D5, D6 and D7 
involving the formation of localised shear-zones, pseudotachylites and faults. Such 
structures developed during and after the emplacement of the mafic dyke swarms. 
Conditions of the two metamorphic events have previously been estimated to be 
1000-11000C at 8-10 kb for the Ml event and 750-850°C at 6-8 kb for the M2 event 
(Collerson and Sheraton, 1986). However, these metamorphic conditions have more 
recently been re-constrained to 830-880 °C at 3.5-8.5 kb for Ml event (Harley, 1993) 
and to upper amphibolite-facies conditions for the D2-M2 event (Snape, 1987). 
Mafic dykes intruded the metamorphic basement between 2472 and 1241 Ma (table 
2.1). Such dykes intersect the high grade fabrics and commonly display chilled 
margins and baked contacts (Black et al. 1991; Passchier et al., 1991; Seitz, 1994) 
indicating that they were emplaced in cooler crust. Pressure conditions for the 
emplacement of the earliest dykes are constrained to be in the range of 3-5 kb and 
maybe as low as 1-2 kb (Seitz, 1994; Harely and Christy; 1995) indicating that the 
Vestfold Block had already been cooled and uplifted to a depth of at least 8-11 km at 
2240 Ma (table 2.1). A localised amphibolite-facies retrogression of the dykes and 
adjacent gneiss is recorded only in the SW part of the terrain (Collerson et al., 1983; 
Passchier et al., 1991; Kuehner and Green, 1991) and has been related to localised 
fluid incursion (Snape et al., 2001). 
Some authors have proposed a correlation between the Vestfold Hills and the 
adjacent largely Proterozoic Rauer Group as they interpreted this latter terrain to be 
17 
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composed of re-worked Archaean rock from the Vestfold Hills (Collerson et al., 
1983). Others have attempted to link the two areas though a correlation between the 
dykes in the two areas (Sims et al., 1993). However, there are four main arguments 
against this correlation. The first is the lack of ca. 2500 Ma zircon ages in the Rauer 
Group. The second it that no Ca. 1000 Ma felsic intrusives that are widespread in the 
Rauer Group occur in the Vestfold Hills. The third is that in the Vestfold Hills there 
is no strong record of the 1000 Ma metamorphism and deformation which strongly 
affected the Rauer Group. The fourth is that mafic dykes swarms in the Vestfold 
Hills are largely undeformed while mafic dykes in the Rauer Group are deformed. 
2.4 DETAILED GEOLOGY OF THE VESTFOLD HILLS 
2.4.1 Historical background 
The geological exploration of the Vestfold Hills began in 1955 with preliminary 
investigations carried out by Australian and Soviet researchers (Crohn, 1959; Ravich, 
1960; McLeod et al., 1966; Harding and McLeod, 1967). McLeod et al. (1966) 
carried out the first geological mapping and described three E-W trending gneissic 
units that they interpreted to be structurally interleaved and tectonically repeated 
through the Vestfold Hills (figure 2.5). The three-fold lithological subdivision and 
tectonic interpretation were corroborated by following works (Oliver et al, 1982; 
Collerson et. al., 1983; Collerson and Sheraton, 1984) and Collerson et al. (1983) 
introduced formal names for the three units: Chelnok Paragneiss, Mossel Gneiss and 
Crooked Lake Gneiss. Three new gneiss units called the Tryne Metavolcanics, Grace 
Lake Granodiorite and Taynaya Paragneiss were introduced respectively by 
Collerson et al. (1983), Black et al. (1991) and Harley (1993). The Tryne 
Metavolcanics unit was later recognised to be an admixture of tectonically 
interleaved rocks of different ages and compositions and renamed as the Early Mafic 
Gneiss (Snape, 1997; Snape and Harley 1996). 
More recently, Snape and Harley (1996) and Snape et al. (2001) introduced a new 
and more detailed lithologic classification in which they distinguish five main units 
according to their composition and relative age of emplacement with respect to the 
18 
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two main metamorphic events. These units are: Tryne Mafic Gneiss, a redefinition of 
the Tryne Metavolcanics, Chelnok Paragneiss, Taynaya Paragneiss, Mossel Gneiss 
and Crooked Lake Gneiss Group. The Grace Lake Granodiorite unit introduced by 
Collerson et al. (1983) was recognised to be a sub-unit of a redefined Crooked Lake 
Gneiss Group. 
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Figure 2.5: Distribution of gneiss lithologies in the Vestfold Hills (after Collerson et al., 1983), also 
showing the location of U-Pb zircon geochronology sites of Black et al. (1991a). 
Snape and Harley (1996) and Snape et al. (1997) have more recently re-assessed the 
tectonic evolution of the Vestfold Hills incorporating new field and geochronological 
Sorsdal Glacier 
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observations. Snape and Harley (1996) dispute the conventional idea that the 
lithological units are tectonically repeated N-S by kilometre-scale D2 folds (McLeod 
et al., 1966; Oliver et al., 1982; Collerson et al., 1983) pointing out that in the North 
part of the terrain such folds have a wavelength smaller than 500 m. Lithologic units 
in the Vestfold Hills are therefore tectonically repeated by D2 folds only at a local 
scale that is smaller than 500 m. This interpretation was later corroborated by Snape 
et al. (1997) on the base of new geochronological data from the Crooked Lake Gneiss 
Group. According to these latter authors the distribution of zircon ages in the suites 
of Crooked Lake Gneiss Group are sufficiently different on a km-scale to preclude 
simple repetition by D2 regional folding. Snape and Harley (1996) also re-
emphasise, as initially described by Oliver et al. (1982), that the Dl deformation 
episode is composite and that Si foliation results from the transposition into 
parallelism of an earlier metamorphic fabric. Evidence of a pre-Di fabric includes 
Dl structures that fold a pre-D 1 metamorphic fabric in low-D2 strain areas within the 
Chelnok Paragneiss. 
Collerson et al. (1983) carried out the first geochronological investigations of the 
Vestfold Block. These authors presented several Rb-Sr and Sm-Nd isochrons for the 
three lithological units and concluded that the Vestfold Hills experienced two main 
crust-forming events. The first event took place at around 3000 Ma and involved the 
intrusion and subsequent deformation and metamorphism of both the Mossel Gneiss 
and Tryne Metavolcanics. A second event occurred at 2500-2400 Ma and involved 
the intrusion, deformation and metamorphism of the Crooked Lake Gneiss. 
Black et al. (1991a) later presented a more precise timing of the events in the 
Vestfold Hills using U-Pb dating on zircons. The Mossel Gneiss was estimated to 
have been emplaced between 2526±6 Ma and 2501±4 Ma while Crooked Lake 
Gneiss was estimated to have intruded at 250 1±4 Ma and 2484±6 Ma. Ages for the 
Di-Mi and D2-M2 metamorphic events were estimated to be 2501±4 and 2487±6 
Ma respectively. 
Snape et al. (1997) have more recently refined the timing of magmatism, 
metamorphism, and deformation in the Vestfold Hills. The Di-Mi and D2-M2 
metamorphic episodes were more precisely dated at 2494.3±0.7 Ma and 2475.3±0.7 
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Ma, while the intrusion of the protolith of the Crooked lake magmatism is interpreted 
to have occurred between 250 1±4 Ma and 2475.3±0.7 Ma. 
Sheraton and Collerson (1984) carried out the first geochemical investigation of the 
lithologies of the Vestfold Hills in which they proposed a three-fold subdivision of 
the Crooked Lake Gneiss and elaborated a tectono-magmatic model for the formation 
of the Mossel and Crooked Lake Gneiss. These authors used the composition of the 
Crooked Lake Gneiss in a Q-Ab-Or compositional diagram to divide the gneiss into a 
"Miscellaeous Suite" comprising gabbros, diorites and tonalities, and two suites 
richer in potassium comprising a "Monzonitic Suite" and a "Monzodioritic Suite". 
According to these authors the most likely source for the Mossel Gneiss and Crooked 
Lake Gneiss would be the partial melting of subducted hydrated oceanic crust. 
Snape (1997) criticised the geochemical approach used by Sheraton and Collerson 
(1984) to divide Crooked Lake Gneiss into three sub-suites and claimed that such 
sub-suites include lithologically similar rocks were not strictly cogenetic. Snape 
(1997) and Snape et al. (2001) recognised that the Crooked Lake Gneiss Group is 
composed of a number of different discrete intrusions with different or at least subtly 
different petrogenetic histories. As a consequence, these authors proposed a new 
sub-division of the Crooked Lake Gneiss Group based on lithological association and 
detailed field observations. Snape et al. (1997) also concluded that the geochemistry 
of the Taynaya Paragneiss, Mossel Gneiss and Crooked Lake Gneiss Groups is 
consistent with their formation in a continental arc setting rather than by direct 
melting of a subducted hydrated oceanic crust as previously proposed. 
2.4.2 Lithological classification of the Vestfold Hills 
The lithologies of the Vestfold Hills are described here following the rationale of 
Snape et al. (2001). The units are grouped into five units according to both their 
composition and to their relative age with respect to the Di-Mi and D2-M2 
metamorphic events (Snape et al., 2001). Figure 2.6 is a simplified geological map of 
the Vestfold Hills from Snape et al. (2001) while figure 2.7 is a more detailed map of 
the northern part of the area with its legend shown in figure 2.8. 
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SIMPLIFIED GEOLOGY OF THE VESTFOLD HILLS 
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Figure 2.6: simplified geological map of the Vestfold Hills. Black square is the location of the detailed 
map of figure 2.7. 
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Figure 2.7: Geological map of the Northern Vestfold Hills (Snape et al., 2001). 
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Figure 2.8: Legend of figure 2.7 (Snape et al., 2001). 
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Pre-Di-Mi (2496.3±0.7 Ma) gneiss suites 
Three units predate the first deformation-metamorphic event at 2496.3±0.7 Ma: the 
Tryne Mafic Gneiss, Chelnok Paragneiss and Taynaya Paragneiss. 
Tryne Mafic Gneiss 
Snape et al. (2001) introduced the name Tryne Mafic Gneiss to redefine a lithological 
unit occurring near Long Fjord that was named by Collerson et al. (1983) as Tyne 
Metavolcanics. This is only a minor unit of the area, as it constitutes around 5% of 
the rock volume. Collerson et al. (1983) considered this unit to be the oldest in the 
terrain and described it as a sequence of ultrabasic, basic, intermediate and acidic 
metavolcanic lithologies associated with minor layers of pelitic and semipelitic 
gneiss, and lenses of banded iron formations. Collerson et al. (1983) also reported 
that some of the Mossel Gneiss was derived by the partial melting of the mafic 
component of the Tryne Metavolcanics. 
Snape (1997) pointed out that only 30% of the Tryne Metavolcanics is of mafic 
composition and is predominantly composed of fine grained two-pyroxene + 
plagioclase granulite while the rest of the unit is composed of orthogneiss and 
paragneiss of different ages. Moreover, even in the mafic part of the Tryne 
Metavolcanics there is no prima-facie evidence, such as pillow lavas, interbedded 
pyroclastics or sediments, for a volcanic succession. Snape (1997) and Snape et al. 
(1997) concluded that the Tryne Metavolcanics unit is an admixture of tectonically 
interleaved rocks of different ages and compositions including both pre-D 1 mafic 
granulites older than 2500 Ma and younger lithologies (Chelnock Paragneiss, Mossel 
Gneiss and Crooked Lake Gneiss Group). These authors renamed the Tryne 
Metavolcanics as Early Mafic Gneiss (EMG), which was later renamed as Tryne 
Mafic Gneiss (Snape et al., 2001). 
Chelnok Paragneiss 
The Chelnok Paragneiss constitutes about the 20% of the rock volume of the 
Vestfold Hills and it mainly occurs in the central and southern part of the area with 
smaller occurrences also in the northern part. Defined by Collerson et al. (1983), this 
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unit correlates with the Layered Paragneiss described by Oliver et. al. (1982).The 
age of deposition of this unit is unknown, however it is intruded by Mossel Gneiss 
and therefore it is older than 2526±6 Ma. Chelnok Paragneiss is mainly composed of 
garnetiferous pelites and semipelites consisting of thin, elongate, lenticular layers of 
fine- to medi um-grained quartz-feldspar-biotite-garnet-orthopyroxene gneiss 
intercalated with coarse-grained (l cm) quartz-feldspar-garnet gneiss. Minerals 
such as spinel, corundum and sillimanite can rarely occur. Less common lithologies 
are psammites, quartzites and banded iron formations. Calcsi!icates are rare and 
constitute less than 0.1% of the rock volume. They occur as 1 centimetre- to 1 metre-
scale boudins and are composed of clinopyroxene, plagioclase, scapolite, calcite, 
epidote, and garnet. Calcsilicates have a 0.2-3mm grain size and can either have a 
polygonal granoblastic texture or display a Si foliation. SI foliation is defined by the 
preferred orientation of mineral grains or/and by the millimetre- to centimetre-scale 
modal variation of minerals. Within low D2-strain domains in the northern part of 
the area calcsilicate can display a pre-SI fabric defined by a 1-4 cm-scale modal 
variation of garnet (figure 2.9). 
Figure 2.9: Small Dl fold in a calcsilicate layer from the Clielnok Paragneiss. A garnet-rich layer 
(Grt 1 ) and early foliation (pre-Si) have been folded with the formation of a Si axial planar foliation 
(dotted line). Secondary garnet (Grt 2) occurs in fractures intersecting the folds. 
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Taynaya Paragneiss 
The Taynaya Paragneiss occurs as boudin trains and trails, schlieren, composite 
enclaves and dismembered layers and was first described by Harley (1993). The unit 
is predominantly hosted within the Mossel Gneiss in the area between Taynaya Bay 
and Tryne bay. Minor outcrops may also occur in the Tiyne Mafic Gneiss. On the 
basis of whole rock geochemistry this unit is interpreted to be metamorphosed 
evaporitic mudstone (Harley, 1993). As for the Chelnok Paragneiss, the age of 
deposition of the Taynaya Paragneiss is unclear. However, Taynaya Paragneiss is 
embodied within Mossel Gneiss and therefore pre-dates 250 1±4 Ma. 
The Taynaya Paragneiss consists of highly magnesian, silica-undersaturated 
sapphirine-bearing lithologies and has been subdivided into two main types (Harley, 
1993). Type 1 ganulites are composed of enstatite (30-60%), sapphirine (10-40%), 
spinel (5-30%), rutile and phiogophite (<1%) and display a layering defined by 1-10 
cm-scale alternating sapphirine-rich and spinel-rich bands. The layering is 
interpreted to be the result of an original compositional banding within a sedimentary 
protolith. The margins of the pods are altered to form a 2-20 cm thick schistose rind 
consisting of brown to black sapphirine-phlogopite schist, with spinel, plagioclase 
and corundum as additional phases. Type 2 ganulites are white to pale yellow 
massive granofels. They are sillimanite- and feldspar-rich (20-50 and 30-40% 
respectively), although cordierite (40%) and sillimanite types also occur. Blue 
sapphirine is present only in minor amounts (5-10%). A thin (0.3-1 cm) rind of 
blocky sapphirine usually occurs on the margins of these layers. Adjacent to 
pegmatite and Mossel Gneiss, brown cordierite-feldspar rinds are also developed. 
Cordierite rinds can also surround Type 2 ganulites. 
Mossel Gneiss 
The Mossel Gneiss (figure 2.10) broadly correlates with the "Layered Orthogneiss" 
of Oliver et al., (1982) and constitutes around 30-40% of the rock volume of the area. 
It is mostly composed of biotite-orthopyroxene tonalitic orthogneiss, with 
subordinate trondjemite, granodiorite and granite, and contains boudinaged layers of 
meta-pyroxenite, gabbro and metagabbro. Two varieties of the Mossel Gneiss can be 
recognised: 1) gneisses that are compositionally layered on a millimetre- to 
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centimetre-scale; and 2) gneisses occurring as relatively homogeneous, finely 
foliated and lineated, tonalite to trondjemite sheets. The precursors of this gneiss 
were emplaced prior to the Di-Mi metamorphic event, between 2526±6 to 250 1±4 
Ma (Snape et al., 1997). Mossel Gneiss can be distinguished from the Crooked Lake 
Gneiss Group as it is more felsic in composition and less abundant in clinopyroxene 
and hornblende. From field observations, Collerson et al. (1983) inferred that at least 
part of the Mossel Gneiss was derived by the partial melting of the Tiyne 
Metavolcanics. 
; 
Figure 2.10: Folded contact between Mossel Gneiss (darker rocks) and Crooked Lake Gneiss Group 
(lighter rocks). The two lithologies displays a layer parallel Si foliation (line with one dot) that is 
folded by D2 folds. The line with two dots is the trace of the D2 axial planar (notebook on the lower 
right is 10 cm wide). Intrusive relationships cannot be observed in this photo. 
Post-Di to pre/syn-D2 gneiss suites 
Crooked Lake Gneiss Group 
The Crooked Lake Gneiss Group constitutes around 35-40% of the rock volume of 
the area. This unit comprises compositionally varied orthogneiss that intruded 
between DI-Mi and D2-M2 (figure 2.10). These orthogneiss are medium- to coarse-
grained; they are mainly pyroxenites, hornblende-pyroxenites, metagabbro-gabbro, 
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monzogabbro-monzodiorite, monzonite, tonalite and granodiorite. They commonly 
contain abundant xenoliths of both older gneisses and of cognate origin. 
The origin and evolution of the Crooked Lake Gneiss Group is complex and involved 
a number of different intrusions with distinct petrogenesis. The gneiss protolith was 
emplaced in a variety of forms ranging from small mafic dykes to irregular-shaped 
composite plutons. Individual plutons form stock-like bodies with a size ranging 
from 0.5 to 1 km diameter. Plutons preserve clear compositional gradients from 
ultramafic cumulates, to more differentiated intermediate varieties, with gradational 
transitions occurring on metre- to tens of metres-scale. 
Contacts with older gneiss include clean discordance with Si gneissic layering, 
heterogeneous veining, brecciation or bulk assimilation and rafting of older gneissic 
lithologies. Within individual intrusive centres, magmas differentiated to produce 
pyroxenite cumulates (websterites), oikocrystic and spotted gabbros, and more 
fractionated feldspar-dominated varieties with minor quartz (monzodiorites). Closely 
following mafic plutonism, more voluminous intermediate to felsic magmas were 
emplaced. These are dominantly diorites, monzonites, tonalities and granodiorites. 
The final phase of Crooked Lake magmatism is represented by syn-D2 intrusion of 
granitic sheets and pods. These usually occur as homogeneous, podiform to sheet-
like bodies broadly elongate parallel to the S2 foliation. In some units D2 structures 
fold pre-existing Crooked Lake Gneisses and the axial planes of such folds are 
intruded by later syn-D2 Crooked Lake leucosomes. The Grace Lake Granodiorite 
unit, introduced by Black et al. (1991) as syn-tectonic to D2, has been recognised to 
be mostly pre-tectonic to D2 and has been re-defined as a sub-unit of the Crooked 
Lake Gneiss Group. 
In addition to the coarse-grained Crooked Lake orthogneisses described above, finer -
grained diorite to quartz-diorite dykes that intruded pre-, syn- and post-132 also 
occur. Syn-deformational dykes cross cut all the main Crooked Lake magmatic 
phases including the Grace Lake Granodiorite. The Crooked Lake Gneiss Group 
also includes rare, undeformed post-D2 diorite dykes (Snezhnyy Quartz Diorite) that 
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have been grouped with the VestfoldDyke Swarm on structural grounds (Snape et al., 
2001). 
A summary of the relationships among the different lithologies of the Vestfold Block 
until the D2-M2 event is provided in figure 2.11. 
Post-D2 Magmatism 
The latest stages of the Crooked Lake magmatism took place after the D2 and D3, 
with the intrusion of minor quartz-dioritic dykes (Snezhyy Quartz Diorite dykes). 
These dykes are undeformed and have been dated at 2477±5 Ma (Black et al., 1991), 
providing a minimum age for the D2-M2 and D3 events of 2472 Ma. This is 
consistent with the age of 2475±0.7 Ma for D2-M2 in table 2.1. 
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Ca. 2800?- 2526 Ma: Metasedimentay, metavolca,ic? and 2526- Ca. 2501 	: Intrusion of (i 
intrusive protoliths. High-grade metamorphism? 	 Mos/ Gneiss prctolith. 
© 2496 Ma: Di-Mi high-grade metamorphisui 
and deformation. 
..[ 2496- 2475 Ma: Crooked Lake magmatic episode 
Compositionally diverse magm as intruded into 
heteroneous gneissic host. 
Pre-DI (2496 Ma) Gneiss Suites 




Pre-132 (2475 LIla) Crooked Lake Gnelss 




E Homogeneous gramdiorite suite 
EJ Syn-deformational (D2) granite suite 
Pre- syn- and post-deform ational 
(D2) intermediate dykes 
Figure 2.11: Cartoon summarising the geological evolution of the Vestfold Hills up to the D2-M2 
event (Snape, 1997). Letters a, b, c, d and e represent the relative chronology. 
Vestfold Dyke Swarm 
The presence of mafic dyke swarms is one of the most spectacular features of the 
Vestfold Hills (figure 2.12) (Black et al., 1991; Lanyon et al., 1993, Seitz, 1994; 
Hoek and Seitz, 1995; Snape et al., 2001). These dykes intruded across the whole 
area during the Proterozoic between 2472 Ma (lower limit of 2477±5 Ma) and 
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1241Ma (Black et al., 1991; Lanyon et al., 1993). The dykes are generally unfolded, 
steeply dipping and discordant to the E-W striking gneisses with which they display 
sharp contacts (Lanyon et al., 1993). They range from less than 3 cm to over 50 m in 
width and display chilled margins and baked contacts (Sheraton and Collerson, 
1986b; Passchier et al., 1991). The earliest intrusion date for the dykes is 2240 Ma 
and was obtained on the Group2 High-Mg tholeiite dykes and Norite (table 2.1; 
Lanyon et. al, 1993). Since those dykes are not the earliest in the sequence the age of 
2240 ma is only a lower constraint. The latest dykes, Group4 Fe-rich tholeiite dykes, 
were instead dated at 1241 Ma (table 2.1; Lanyon et. a!, 1993). 
The intrusion of the dykes took place before and during the formation of shear zones, 
mylonites and pseudotachylites. Pressure of emplacement of the earlier mafic dykes 
is estimated to be in the range of 3-5 kb and maybe as low as 1-2 kb (Passchier et al., 
1991; Seitz, 1994; Harley and Christy, 1995). The presence of chilled margins and 
baked contacts in the dyke swarms, together with the pressure estimates of 
emplacement, suggest that the Vestfold Hillls had already been cooled and uplifted to 
depth of at least 8-11 km at 2240 Ma. 
Two main types of dykes are distinguished according to whether they resulted from 
Tholeiitic or Lamprophyric magmatism (alkaline ultramafic) (Layon et al., 1993, 
Seitz, 1994; Hoek and Seitz, 1995; Snape et al., 2001). Tholeiitic magmatism 
resulted in the formation of seven chemically distinct groups of dykes ranging from 
high Mg-tho!eiite (Group 1, Group2 and Group3) to Fe-tholeiite (Group 1 High-Ti, 
Group 1 Low-Ti, Group2, Group3, and Group4). Lamprophyric magmatism produced 
alkaline ultramafic lamprophyric dykes that were divided into two chronologically 
distinct groups with potentially a third younger one. 
Most of the dykes are unmetamorphosed with the exception of a small area in the 
Southwest of the Vestfo!d Hills. In this area some dykes are deformed and garnet 
locally developed along dyke margins and in fracture zones within and across the 
dykes. Such features have been interpreted as the result of fluid access during a 
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Neoproterozoic or younger (1000 to 500 Ma) overprint with temperatures and 





Figure 2.12: Mafic dyke swarm of the Vestfold Hills. In the lower-left side of the photo a younger 
generation of dykes intersects and displaces an older one. 
2.4.3 Deformation history of the Vestfold Hills 
The present structure of the Vestfold Hills is the result of three main ductile 
deformation episodes that took place over 50 m.y. time. The Dl deformation phase 
produced a strong Si gneissic foliation and tight to isoclinal folds that are interpreted 
to have produced the inter-layering ofpre-D1 lithologies at the outcrop scale. This 
Si fabric is interpreted to be composite in nature, resulting by the transposition of an 
earlier metamorphic fabric (Oliver et al., 1982; Snape and Harley, 1996). Snape and 
Harley (1996) noticed that within low-Di strain domains in some ironstones of the 
Chelnok Paragneiss Fl structures folds a pre-existing mineral layering inferred to be 
a transposed bedding that is now defined by exsolved metamorphic pyroxenes. The 
exsolved pyroxenes are deformed by Di structures indicating that a high-temperature 
metamorphic mineral assemblage and layering had already developed prior to Dl - 
Ml. 
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The D2 deformation event is characterised by up to 500 rn-scale folds associated 
with a S2 axial plane foliation, that is the dominant fabric across the terrain. Biotite 
or quartz-feldspathic aggregates and leucosomes define S2 foliation. A rare lineation 
is associated the S2 foliation, it is parallel to the F2 axes and it is marked by elongate 
aggregates of hornblende and quartz aggregates. S2 foliations are N-trending in the 
northern part of the Vestfold Hills and are reoriented to E-W by F3 folds in the 
central and southern part of the area. 
The D3 deformation episode occurs as E-trending open warping of D2 structures. D3 
structures deform syn-D2 axial planar leoucosomes that are Ca. 2475±0.3 (Snape et 
al., 1997) Ma in age. 
D3 folds but pre-date the intrusion of the post—D2 Snezhnyy Quartz Diorite dated at 
2472 Ma (lower limit of 2477±5 Ma; Black et. al., 1991). Snape (1996) recognised a 
general increase of D3 strain from the north, where D2 fabrics have been re-oriented 
to be B-trending. This author also reported the presence high-grade shear zones with 
a dextral, "top-to-the-north" thrust sense of transport and interpreted the D3 open 
warping as a large-scale drag fold resulting from the oblique transpression between 
the northern and southern part of the Vestfold Hills. 
After the D3 event, the Vestfold Hills only experienced minor and localised 
deformation with the formation of shear zones, pseudotachylites and faults (Passchier 
et al., 1991). These structures developed before, during and after the intrusion of the 
Vestfold Dyke Swarms. Passchier et al. (1991) carried out a detailed investigation of a 
small area in the NE of the Vestfold Hills in which they distinguished four 
deformation episodes (D4, D5, D6 and D7) that were then extrapolated to the rest of 
the area. 
The D4 deformation phase is characterised by NW-SE trending ductile mylonite 
zones up to 50 metres wide with a gently SE-plunging lineation. Sheath folds and a 
shear band cleavage are common in the shear zones and indicate a dextral sense of 
shear. Where mylonites intersected mafic dykes a stable mineral assemblage of 
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plagioclase-green homblende-biotite-almandine-ilmenite formed indicating that the 
deformation took place under amphibolite-facies conditions. 
The D5 deformation episode involved the formation of 1-10 millimetre wide, tens of 
metres long pseudotachylites that are either N\\TNESE  trending or W to SW 
dipping. The matrix of the pseudotachylites is composed of 1-4pm-scale grains of 
green hornblende and plagioclase (in dykes) or brown biotite, quartz, feldspar and 
magnetite with angular porphyroclasts of feldspar and quartz (in gneiss). Later 
amphibolite-facies garnets have statically overgrown the matrix of the 
pseudotachylites. 
The D6 deformation episode involved the formation of amphibolite-facies ductile 
shear-zones that are 5-200 mm wide (occasionally up to 1 m) and up to 1 km long. 
They occur as conjugate sets with 3 different orientations. The most common set 
consists of W-dipping thrusts with S-plunging stretching lineations. A second set is 
ENE-trending with steeply B to NE-plunging stretching lineations and a sinistral 
sense of shear. A third set is NW trending with sub-horizontal stretching lineations 
and dextral sense of shear. Mylonites are composed of a matrix of plagioclase, green 
hornblende, biotite and quartz with porphyroclasts of plagioclase, pyroxene and 
quartz. Pyroxene porphyroclasts are dynamically re-crystallised into green 
homblende. Syn- to post-kinematic garnet commonly overgrows the mylonite matrix. 
Conditions of formation of the mylonites have been estimated to be between 546±30 
and 605±30°C at a nominal pressure of 6 kb (Passchier et al., 1991). 
The D7 involved the formation of brittle-ductile shear zones along which the 
formation of pseudotachylite, breccia and mylonites is often repeated several times 
within the same deformation band. The matrix of the shear zone displays a preferred 
orientation of biotite while homblende is unstable indicating that such deformation 
took place under low-grade metamorphic conditions. 
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2.4.4 Metamorphic conditions 
The first metamorphic episode (pre-Mi) occurred before 2526±6 Ma and its 
conditions are still poorly understood. Snape and Harley (1996) first described 
evidence of such an early metamorphism within low-D2 strain domains in ironstones 
of the Chelnok Paragneiss. In these low-D2 strain domains Dl structures fold a pre-
existing compositional layering (transposed bedding) and a pre-S 1 foliation defined 
by alternating quartz- and pyroxene-rich horizons. Pyroxene-rich layers are 
composed of exsolved sub-calcic clinopyroxenes and pigeonites. Individual layers 
are locally homogeneous in terms of bulk XMg  (XMg=Mg2 /Mg2 +Fe2 ), but there is a 
considerable variation between layers. As an example XMg can vary from 0.12 to 
0.25 between adjacent layers. These extremely Fe-rich compositions together with 
the distinct compositional variation between layers, indicate that these pyroxenes are 
not detrital igneous grains but are of metamorphic origin. Dl structures deform the 
exsolution lamellae, which are later overprinted by neoblastic grains clearly 
indicating that Dl episode occurred after the exsolution of pyroxenes. 
Two well-defined metamorphic episodes are associated with deformation that 
followed the early (pre-M1) metamorphism described above. The first episode, Ml, 
occurred at 2496.3±0.7 Ma while the second, M2, took place at 2475.3±0.7 Ma 
(Snape et al., 1997). Metamorphic conditions of the two events are poorly 
constrained and the existing estimates are contrasting and without regional 
corroboration. 
Collerson and Sheraton (1 986a) estimated ultrahigh-temperature conditions of 1000-
1100°C and pressures of 8-10kb for the Ml episode. These estimates were largely 
inferred by using the compositions of coexisting pyroxenes and exsolved feldspars. 
These authors do not specify on which lithological unit they carried out the estimates 
and it is therefore possible that they estimated the temperature of crystallisation or 
cooling of a magma, rather conditions of metamorphism (Snape, 1997). 
In a more recent work, Harley (1993) used the petrology of the sapphirine-bearing 
granulites from the Taynaya Paragneiss, described in section 2.2.2, to estimate 
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metamorphic pressure and temperature. The cores of the boudin in the Taynaya 
Paragneiss yielded peak Ml conditions of 830-880°C and 3.5-8.5 kb (figure 2.13), 
and therefore far less extreme in temperature than the estimates of Collerson and 
Sheraton (1986). A retrograde re-equilibration at temperatures of 770-810 °C was 
estimated via thermobarometry on the sapphirine-phlogopite rinds. However, these 
retrograde estimates were considered to be not completely reliable. 
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Figure 2.13: Pressure-temperature diagram showing the MgO-A1 203-Si02 (MAS) and MgO-Al203 -
Si02-H20 (MASH) reactions (solid lines) constraining the P-T conditions of metamorphism of the 
Taynaya Paragneiss (horizontal ruled field). Dashed lines: isopleths of MgAl 2SiO6 in enstatite after 
Danckwerth and Newton (1978). Coarse stippled P-T box is the range of conditions proposed by 
Collerson and Sheraton (1 986a) for Ml metamorphism; close stippled P-T field is their M2 event. 
Crosshatched field represents the preferred P-T conditions of metamorphism in the Vestfold Hills 
from combining the present data with that of Collerson and Sheraton (1 986a). 
There are contrasting estimates for the M2 event as well. Collerson and Sheraton 
(1986a) estimated that the M2 event took place at conditions of 750-850°C and 6-8 
kb using a variety of different thermobarometers. Temperature was estimated using 
the following thermometers: two-pyroxenes (Wood and Banno, 1973; Wells, 1977), 
garnet-biotite (Ferry and Spear, 1978; modified after Pigage and Greenwood, 1982), 
garnet-clinopyroxene (Ellis and Green, 1979), and gamet-orthopyroxene (Harley, 
1981; Harley and Green, 1982). Pressure was estimated in the range of 5-8.5kb using 
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the garnet-orthopyroxene-plagioclase-quartz barometer (Newton and Perkins, 1982; 
Harley, 1981) and the garnet-cordierite barometer (Wells, 1979). It has to be pointed 
out that Harley (1993) estimates of the Ml event are only marginally higher in 
temperature that the ones obtained by Collerson and Sheraton (1986a) for the M2 
event and it is therefore possible that both estimates refer to the same Ml event. 
In contrast with estimates of Collerson and Sheraton (1986a), Snape (1997) claimed 
that the M2 event took place under upper amphibolite- rather than granulite-facies 
conditions. This latter consideration was based on the observation of the late 
development of hornblende + biotite on granulite-facies assemblages, and the 
replacement of clinopyroxene, orthopyroxene and plagioclase by poikiloblastic 
hornblende in the gneisses of Crooked Lake Gneiss Group. Moreover, field and 
microtextural observations indicate that hornblende developed before andlor 
synchronously with the D2 deformation phase. In some lithologies, homblende 
poikiloblasts are progressively deformed into S2 fabrics, while elsewhere L2 
lineations are defined by homblende. 
The formation of chilled margins and baked contacts on the mafic dykes together 
with the formation of pseudotachylites suggests that by 2240 Ma the basement of the 
Vestfold Hills was already within 10-14 km of the surface (Passchier et al., 1991). 
Seitz (1994) estimated the conditions of emplacement of the mafic dykes to be in the 
range of 1-5 kb using the petrology of the dykes. Harley and Christy (1995) 
estimated dyke emplacement conditions of 3-3.5 kb at 1100-1180 °C using the 
petrology of contact metamorphic minerals developed on Taynaya Paragneiss 
xenoliths in mafic dykes. 
Metamorphic effects related to post-132 events are minimal and mainly occur in the 
SW part of the area where hydration and re-crystallisation produced amphibolite-
facies garnet-bearing assemblages (Kuehner and Green, 1991). Such retrogression is 
highly variable in the mafic dykes and influenced by the degree of deformation. In 
the strongly deformed margins of the dykes a new fabric is composed of neoblastic 
amphibole ± plagioclase ± quartz ± clinopyroxene ± garnet. In the interior of the 
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dykes, where igneous textures are still preserved, neoblastic hornblende together 
with clinopyroxene, quartz and opaque oxides replaced primary corroded pyroxenes, 
while randomly oriented plagioclase and garnet overgrew the subophitic matrix. 
Kuehner and Green (1991) estimated the retrograde metamorphic conditions to be 
602-660°C and 5.6-7.5 kb using the Grt-Cpx thermometer (Ellis and Gren, 1979) and 
the Grt +Cpx + P1 + Qtz barometer (Newton and Perkins, 1982). 
Passchier et al. (1991) reported the formation of amphibolite-facies shear zones (D4, 
D5 and D6) deforming some of the Vestfold Mafic Swarms. A later deformation 
phase (137) is inferred to have taken place at a lower metamorphic grade as indicated 
by the instability of homblende along the shear zones. 
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2.5 RATIONALE FOR PRESENT STUDY 
Conditions of the Mi-Di event are not well defined by the existing studies. Whilst 
the UHT conditions estimated by Collerson and Sheraton (1986) can now 
generally be discarded, the P-T field defined for the Taynaya Paragneiss (Harley, 
1993) is very broad, especially with respect to pressure. 
The conditions of the M2-D2 event affecting both the early lithologies (Taynaya 
Paragneiss, Chelnok Paragneiss and Mossel Gneiss) and the more widespread 
Crooked Lake Gneiss Group are not well defined and it is unclear whether they 
reached granulite- or amphibolite-facies conditions. 
The fluid conditions accompanying metamorphism in Mi-Di and M2-D2 have 
not been investigated or established even though it is apparent that M2-D2 
hornblende development was intense. 
2.6 NATURE OF DATA TO BE GATHERED, ITS PROCESSING 
AND INTERPRETATION 
2.6.1 Material available 
Detailed mapping of the Vestfold Hills was carried out by Ian Snape during the 
course of his Ph.D. at the University of Edinburgh (Snape, 1997; Snape et al., 2001) 
and this provides the essential background data on lithological relationships. During 
the course of the mapping and subsequent studies, a well defined suite of 
paragneisses and calcsilicates belonging to the Chelnok Paragneiss unit was sampled 
with a view to future petrological and thermobarometric analysis. These rocks, 
studied in this work are: 
- Thirteen paragneisses that include gamet-orthopyroxene bearing Fe-rich mafic 
rocks and gametites that can be used to deduce temperature, and if plagioclase is 
present (with quartz), also pressure. Fe-rich pyroxenite rocks/ironstones can give 
temperature information from the pigeonite exsolution textures. 
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- Thirty-five calcsilicates and impure marbles that have been extensively sampled 
from northern part of the Vestfold Hills and to a lesser extent from areas in the 
central and southern VH. These are volumetrically minor and therefore sensitive 
monitors of fluid interactions. Grossular-andradite garnet is generally developed as 
a late phase as metasomatic rinds and along fractures and propagating fluids under 
low aCO2 potentially controls garnet formation. 
2.6.2 Objectives of the work and tools to tackle the problems 
The objectives of the work include: 
Establish and describe the principal mineral assemblages of the calcsilicates and 
paragneisses. This part of the work involves the microstructural analysis of the 
mineral assemblages through the use of both optical microscope and the Scanning 
Electron Microscope (SEM). The optical microscope is used to distinguish the 
different granoblastic mineral phases and textures, whereas the SEM, due to its 
greater resolution, is particularly useful for investigation of coronite-style reactions 
around coarser granoblastic minerals, which usually have a sub-millimetre scale 
dimension. 
Document the mineral compositional relationships, in particular garnet and 
pyroxene zoning patterns associated with specific assemblages and textures. 
Mineral analysis is carried out using an Electron Microprobe. 
Use of the above to constrain pressure and temperature conditions via 
thermobarometry. There are several thermometers and barometers now available in 
the literature that can be applicable to the paragneiss of the Vestfold Hills. 
Thermometers and barometers will enable the quantification of pressures and 
temperatures of mineral crystallisation during metamorphism using the 
compositional data obtained through the Electron Microprobe. For example, 
scapolite compositions in the calcsilicates can be used to deduce a fluid-
independent estimate of temperature. 
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Use the calcsilicates to infer the fluid conditions during metamorphism at the P-T 
conditions previously estimated via thermobarometry in the paragneiss. Moreover, 
retrograde coronite-style textures involving garnet will be used to infer the controls 
on late garnet growth. Fluid conditions and controls on retrograde garnet growth 
will be established constructing isobaric T-aCO 2 and isothermal P-aCO2 grids at the 
pressure and temperature of interest using the computer program THERMOCALC 
(Powell and Holland, 1998), incorporating the internally consistent thermodynanic 
database of Holland and Powell (1988) 
Finally, results of the investigation carried out using the methods described above 
will be brought together to produce a coherent model for the pressure-temperature 
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3 Petrology of the gneiss 
3.1 INTRODUCTION 
As explained in section 2.4.4, the pressure-temperature (P-I) estimates currently 
available for the principal end-Archaean high-grade metamorphic events in the 
Vestfold Hills are not definitive and so require improvement. Ihere are conflicting P-
I estimates for the Ml and M2 events. Whereas Collerson & Sheraton (1986a) have 
estimated P-I in the range 8-10 kb and 900-1050°C for Ml, Harley (1993) obtained 
peak temperatures of only 830-880°C and could constrain P to lie between 4 and 8.5 
kb in Ml. Disagreement also is evident for the conditions of M2, which Snape 
(1997) considered to be within the upper amphibolite-facies in contrast to the 
granulite-facies conditions (6-8 kb, 750-850°C) estimated by Collerson & Sheraton 
(1 986a). 
In this chapter P-I sensitive mineral assemblages and mineral compositions 
preserved in a variety of rock types from within the Chelnok Paragneiss of the 
northern Vestfold Hills are used to more closely define the peak P-I conditions 
experienced by the gneisses at 2520-2500 Ma. Reaction textures are described and 
analysed in order to place constraints on the post Ml and M2 P-I history. This will 
be integrated with information obtained from the analysis of calcsilicate mineral 
assemblages in Chapter 10 to arrive at a synthesis of the M1-M2 and post-M2 
metamorphic and fluid-rock interaction history of the Vestfold Hills in the latest-
Archaean to earliest-Palaeoproterozoic. 
3.2 FIELD RELATIONSHIPS OF STUDIED GNEISSES 
The Vestfold Hills is dominated by garnet-absent mafic, intermediate and acid 
gneisses charactensed by assemblages such as orthopyroxene + clinopyroxene + 
plagioclase + ilmenite + pargasite, clinopyroxene + plagioclase + ilmenite + 
pargasite + quartz and orthopyroxene + plagioclase / K-feldspar + ilmenite + 
pargasite + quartz. These assemblages provide only very broad constraints on the 
conditions ofMl and M2, and are not amenable to meaningful P-I calculations. I- 
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sensitive mineral assemblages such as sapphirine + orthopyroxene +spinel and 
cordierite + corundum + sillimanite + spinel occur in the Taynaya Paragneiss in the 
vicinity of Tryne Fjord and Taynaya Bay (figure 2.7; Harley, 1993). However, P-T 
sensitive mineral assemblages of more regional extent are restricted to caic-silicate 
gneisses, garnet-bearing intermediate gneisses, metaironstones and aluminous pelites 
that occur as rare boudins, lenses and horizons in the Chelnok Paragneiss. 
Six samples of Chelnok Paragneiss from the Long Fjord region (figure 2.7) have 
been selected for detailed analysis in this study, following on from reconnaissance 
petrographic observations on the full suite of paragneisses collected by I. Snape in 
1992-93 and 1993-94. These selected gneisses include a meta-ironstone (VH543), 
garnet + orthopyroxene + plagioclase gneisses (VH536A and VH546C), garnet + 
orthopyroxene + plagioclase + quartz + exsolved K-feldspar gneisses (VH207B and 
VH208) and VH552, a garnet-rich pelite containing spinel and corundum. 
The meta-ironstone VH543 was collected from within a structural domain in which 
the effects of D2 are minor and Di-Mi structures are well preserved. In the meta-
ironstone a primary or modified lithological layering is folded by Fl close to 
isoclinal folds (figure 3.1). The folding is associated with the development of an 
axial plane foliation, Si, defined by trains of mafic minerals. The ironstone shows a 
millimetre- to centimetre-scale pyroxene-quartz layering or banding that is 
considered to be a primary or only weakly-modified primary feature. The 
relationships between field- and microstructural observations described in the next 
section are shown in figure 3.2. 
The garnet-bearing gneisses (VH546A, VH546C, VH207B, VH208 and VH552) 
were all collected from more typical structural domains in which Di folds and Si 
fabrics are well developed within the Chelnok Paragneiss. 
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3.3 PETROGRAPHY 
3.3.1 Meta-ironstone VH543 
Mineral layering on a 0.2-1 cm scale is defined by alternating quartz-rich and 
pyroxene-rich layers. A discordant axial planar foliation (SI) is clearly developed in 
the quartz rich layers, defined by the dimensional preferred orientation of both fine 
grained pyroxenes and of large deformed quartz grains with sutured grain 
boundaries. 
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Figure 3.1: Fl isoclinal folds in a meta-ironstone showing a "Si , ' axial plane foliation. The primary 
compositional banding is defmed by alternating pyroxene-rich layers (1) and quartz-rich layers (2). 
Pyroxene occurs in two different settings within pyroxene-rich layers: 
1) As coarse (1-10mm) pyroxene grains (Opx i and Cpx i ) randomly oriented and 
preserving subhedral to prismatic shapes. Coarse pyroxenes are inverted and 
exsolved (figure 3.3a and 3.3b) into 1-2im clino- (CPX2 a and Cpx2b) and ortho-
pyroxene (OpX2a and Opx2b) lamellae along (001). Area measurements indicate that 
CpX2a lamellae constitute 18-22% of the Opx i area while Opx2b larnellae constitute 
23-27% of the Cpx 1  area. The exsolution lamellae are not deformed by the Fl folds 
to which the Si fabric in the quartz-rich layers is axial-planar. This key observation 
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indicates that exsolution of the coarse pyroxenes post-dates the main Di -Mi event. 
Lamellae are only weakly deformed by a post-Si event. A later generation of finer 
(<0.5tm) deformation lamellae intersect with a 45° angle the pre-existing lamellae 
and either dislocate them or kink them with an average of 100  (figure 3.3c). These 
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Figure 3.2: a) Folded pyroxene-rich band (gray layer) within a quartz-rich and pyroxene-poor band. 
Continuous lines are SI axial planar foliations. Scale bar is 20 cm. b) Microstructure of a the 
pyroxene-rich layer in VH543. The pyroxene-rich layer is composed of: initial coarse grained 
pigeonite (1, Opxi) now exsolved into orthopyroxene (2, OpX2a)  and clinopyroxene (3, CPX2 a) 
lamellae. The exsolution lamellae are weakly deformed and replaced by more polygonal to lobate 
neoblastic grains of orthopyroxene and clinopyroxene (4, OPX3a and CPX3 a). Initial coarse Fe-augite 
grains (5, Cpxi) are exsolved into clinopyroxene (6, Cpx2b) and orthopyroxene (7, Opx2b) lamellae. 
These exsolution lamellae are weakly deformed and replaced by polygonal to lobate neoblasts of 
orthopyroxene and clinopyroxene (8, Opx3b and Cpx3b). Within the quartz-rich layers (top and 
bottom) an axial plane foliation is defmed by the dimensional preferred orientation of quartz (9) and 
neoblastic pyroxenes (OPX3 a, OPX3b, CPX3a  and Cpx3b) (the scale-bar is 5 millimetres). 
2) As finer grained (<2mm) pyroxenes (CPX3a, CPX3b,  OPX3a and Opx3b) replacing the 
inverted coarse pyroxenes along their grain boundaries and microfractures. These 
latter pyroxenes have a polygonal to lobate shape, they are either strain-free or 
weakly deformed and they may show fine (<0.5pm) exsolution lamellae. 
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In the quartz-rich layers the axial plane foliation is defined by the dimensional 
preferred orientation of both fine-grained pyroxenes and of large deformed quartz 
grains with sutured grain boundaries (figure 3.2). 
Figure 3.3 a) Original orthopyroxene grain (Opx 1 ) now exsolved into large orthopyroxene 2 areas 
(OpX2a) ( light part) hosting smaller clinopyroxene 2b lamellae (CpX2a) (dark part). b) Original 
clinopyroxene 1 grain (Cpx t ) now exsolved into large clinopyroxene 2 areas (Cpx2b) (dark part) hosting 
smaller NE-SW trending orthpyroxene2 lamellae (Opx2b) (light part). Note the later generation of 
finer NW-SE trending deformation lamellae intersecting at high angle the pre-existing ones. c) Higher 
magnification of lower-right part of figure 3.3b, showing the second generation of exsolution lamellae 
intersecting end dislocating the pre-existing ones (OPX2b and Cpx2b). Images are BSEI. 
3.3.2 Garnet-orthopyroxene-plagioclase-biotite gneiss VH546A and VH546C 
This gneiss is composed of an inequigranular granuloblastic assemblage of 0.5-1 cm 
sized grains of orthopyroxene (Opx i ) garnet (Grt 1 ) and plagioclase (Pi ta) with minor 
amounts of biotite (Bt 1 ) and iimenite (figure 3.4). Quartz is not part of the initial 
assemblage as it occurs only in retrograde symplectites involving garnet. 
Orthopyroxene occurs both as isolated xenoblastic crystals and as groups of grains 
showing mutual sutured contacts. Opx i has an internal foliation defined by elongated 
plagioclase and biotite grains that have a different orientation with respect to 
orthopyroxene cleavages. Fine (1-2 mm) polygonal grains of plagioclase (Pl 
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mantle coarse granuloblastic grains (Pli a). Biotite is a minor constituent of the rock 
and occurs both as inclusions in coarse pyroxenes and garnets and in the matrix. An 
early generation of garnet (Grt 1 ) forms isolated coarse grains within plagioclase 
matrix and displays a slightly curved internal foliation defined by the alignment and 
preferred dimensional orientation of biotite and plagioclase. Finer (20-200.tm), more 
polygonal and inclusion-free neoblastic minerals (Opx 2 , P12 and Bt 2) replace coarse 
minerals along 1-3 mm-scale high-grade shear zones (figure 3.5a). 
Figure 3.4: sketch of the microstructural setting of the garnet-orthopyroxene-plagioclase-gneiss. 
Letters also refers to photos in figure 3.5. a) Fine grained and inclusion-free orthopyroxene 2 (Opx2), 
biotite 2 (Bt2) and plagioclase2 (P12) replace a coarse orthopyroxene 1 (Opx 1 ) with plagioclase inclusions 
(P1) along a micro-shear-zone. b) Composite corona of garnet 2b (Grt2b)-quartz (Qtz) symplectites and 
irregular K-feldspar (Kfs) rim formed between coarse orthopyroxene (Opx) and plagioclase (Pub). 
Note the regular contact between garnet2b and K-feldspar while plagioclase appears resorbed at the 
contact with K-feldspar. c) Garnet2 a-quartz symplectites between garnet and plagioclase ib. d) 
Garnet2 -quartz symplectites between ilmenite (Ilm) and plagioclase lb. 
A later generation of finer (1 00-300ji.m) garnet (Grt 2) occurs as curvilinear 
symplectites together with worm-like to blebby quartz at the contacts between both 
coarse and finer orthopyroxene and plagioclase (figure 3.5b) and therefore post-dates 
the formation of the micro-shear zones. Gamet2b-quartz symplectites occur as well 
between garnet 1 and plagioclase (figure 3.5c) and around isolated ilmenite grains 
within the surrounding plagioclase (figure 3.5d). K-feldspar occurs both as an 
irregular corona between plagioclase and garnet 2 -quartz symplectites (figure 3.5b) 
around orthopyroxene and biotite or as isolated patches inside plagioclase near the 
contact with the symplectites. Garnet 2-quartz symplectites have rational contacts 
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with the rimming K-feldspar whereas plagioclase is strongly resorbed at the K-
feldspar interface, indicating that K-feldspar is a product of the reaction that formed 
garnet2b+quartz rather than a later phase replacing the symplectites. The formation of 
the composite garnet-quartz-K-feldspar coronas between plagioclase and 
orthopyroxene are consistent with the generalised reaction: 
Opx + P1= Grt + Qtz 
	
(1) 
progressing from left to right. The role of K-feldspar is uncertain but could reflect the 
presence of saline fluid (Newton, 1986; Harlov et al., 1998; Franz and Harlov, 1988) 
or alternatively the breakdown of biotite during the corona-forming reaction. During 
the progression of reaction (1) garnet would form by preferentially consuming the 
ferrosilite component of orthopyroxene and anorthite component of plagioclase. As a 
consequence orthopyroxene will show a core to rim relative increase in enstatite 
content, garnet2b will be more grossular- and almandine-rich while the remaining 
plagioclase will be enriched in its albite and K-feldspar component. However, the 
amount of K-feldspar that can be accommodated in the plagioclase solid solution 
depends upon the reaction-forming temperature and if the reaction temperature is low 
enough K-feldspar will segregate as a separate phase. 
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Figure 3.5: Photos referring to letters in figure 3.4. (BSEI) 




Figure 3.6: a) sketch of the microstructural setting of the garnet-orthopyroxene-plagioclase-K-
feldspar-quartz. Granoblasic assemblage of garnet, orthopyroxene, plagioclase, K-feldspar and quartz. 
Scale-bar is 2 mm. b) Lenticular meso-perthite (BSEI). 
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3.3.3 Garnet-orthopyroxene-plagioclase-K-feldspar-quartz gneiss YH207B and 
VH208 
This gneiss is composed of a randomly orientated polygonal granoblastic aggregate 
of garnet, orthopyroxene, plagioclase, meso-perthitic feldspar, biotite, quartz and 
ilmenite (figure 3.6a) and differs from gneisses described in section 3.3.2 in the 
presence of prograde granoblastic quartz and alkali feldspar and the greater 
abundance of biotite. The mineral grainsize is variable and in the range of 0.2-2mm. 
Alkali feldspars occur as exsolved grains showing lenticular (figure 3.6b.) meso-
perthite and are surrounded by plagioclase moats. 
3.3.4 Corundum-spinel pelite VH552 
In the metapelite VH552 garnet occurs as 1-2 centimetre grains set in a finer 1-2 
millimetre-grain matrix (figure 3.7a). Coarse garnet contains inclusions of spinel, 
biotite, ilmenite and rare corundum. Biotite and spinel inclusions occur as resorbed 
grains usually reduced to amoeboid-shaped grains. Ilmenite within the garnet occurs 
as rounded or needle-like inclusions arranged in different sets of intersecting trails. 
Corundum inclusions occur as polygonal-skeletal grains adjacent to resorbed spinel 
and biotite (figure 3.7b). The matrix is composed of weakly foliated biotite flakes 
together with prismatic-idioblastic to sub-idioblastic grains of corundum. Green 
spinel is rare and is rimmed by corundum. A possible generalised reaction involving 
the formation of garnet together with corundum in this rock is: 
3Hrc + 3Sill = Aim + 5Cm 	 (2) 
progressing from left to right with reaction and producing a final assemblage of 
spinel + garnet + corundum on exhaustion of sillimanite. This reaction can be used to 
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Figure 3.7: sketch of the microtextural features of the corundum-spinel pelite VH552. a) Coarse garnet 
with spinel (Spi), biotite (Bt), ilmenite (urn) and corundum (Cm) inclusions within a finer matrix 
composed of biotite, corundum and rare spinel rimmed by corundum. Inclusions within the garnet are 
not drawn to scale. b) Polygonal-skeletal grains of corundum occur adjacent to resorbed spinel and 
biotite (BSEI). 
3.4 MINERAL CHEMISTRY 
This section presents the mineral chemistry of the gneiss. Analytical techniques for 
mineral analysis and procedures used for the cations and end-members calculations 




Reintegrated compositions of Cpx i indicate that these pyroxenes were Fe-augites 
with W032 ..34En1213 Fs54 and XMg  0.18-0.19 (figure 3.8 and table 3.1). Exsolved 
lamellae of CpX2b have a composition of W042*5Eni213Fs436 and XMg 0.200.22 
while Opx2b have a composition of W0 2 ..3En 1314Fs8385 XMg 0.13-0.14. Neoblastic 
polygonal grains Opx3b have a composition of Wo 12En 1314Fs84 85 and XMg 0.130.14 
while CpX3b have a composition of W0435Enl2.14Fs4244 and XMg  0.2 1-0.23. 
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Phase Pyroxene  
Thin section VH543  VH546A VH546C VH207B VH208 
Position 
Opx1 







Opx 1  
RIM CORE RIM 
Si02 48.18 46.96 46.76 48.94 46.44 48.00 45.63 47.85 49.92 50.99 49.7 50.1 50.3 49.0 50.38 48.98 50.14 
T102 0.17 0.07 0.08 0.17 0.04 0.08 0.01 0.07 0.01 0.04 0.03 0.05 0.02 0.0 0.08 0.13 0.07 
0.58 0.84 1.51 0.92 1.40 0.85 _1 0.93 0.74 0.73 1.14 0.94 4.23 2.51 4.10 2.59 
002 0.00 0.00 0.02 0.01 0.01  0.0 0.03 0.08 0.01 0.11 0.12 0.0 0.01 0.01 0.00 




0.14 0.32 0.30 0.14 0. 0.17 0.33 0. 0.3 0.25 0.28 0.3 0.24 0.4 0.40 0.44 0.36 
5.64 6.3 6.53 5.63 4. 3.62 4.06 3.7 15.17 16.27 15.33 15.21 15.86 18.4 19.33 18.26 19.27 
20.67 0. 0.85 21.08 1. 20.10 0.57 20.7 02 0.36 0.38 0.32 0.38 0.04 0.04 0.05 0.05 
Na2 022 0.02 0.03 0.20 0.03 0.19 0.04 0.15 0.02 0.01 0.01 0.04 0.02 0.01 0.01 0.01 0.01 
K20 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0 0.01 0.01 0.00 0.01 0.01 0.01 
Total 99.47 99.96 99.78 99.78 99.93 99.82 99.32 99.471 99.49 100.15 98.59 99.86 99.36 99.41 99.731 99.20 99.41 
Si 1.935 1.9641 1.960 1.9501 1.968 1.9481 1.959 1.9461 1.963 1.978 1.969 1.962 1.97 1.874 1.916 1.878 1.913 
Ti 0.005 0.0011 0.002 0.0051 0.001 0.0031 0.0021 0 0.001 0.001 0.001 0.001 0.190 0.113 0.185 0.116 
Al 0.073 0.0391 0.042 0.0711 0.046 0.0671 0.043 0.0631 0.043 0.034 0.034 0.052 0.043 0.002 0.002 0.004 0.002 
Cr 1 0.0011 1 0.0011 0.001 0.0031 0.0031 0.004 0.0001 0.000 0.000 0.000 
Fe 0.77 1.6941 1.556 0.7221 1.65 0.89 1.718 0.863 1.08 1.0191 1.064 1.0671 1.031 0.866 0.857 0.872 0.858 
Mn 0.005 0.0121 0.011 0.0051 0.011 0.006 0.012 0.005 0.01 0.0081 0.009 0.011 0.008 0.014 0.013 0.014 0.012 
Mg 0.338 0.2631 0.408 0.3351 0.267 0.219 0.26 0.229 0.889 0.941 0.905 0.888 0.926 1.051 1.096 1.043 1.096 
Ca 0.89 0.0421 0.038 0.9001 0.063 0.874 0.026 0.905 0.011 0.015 0.016 0.013 0.016 0.002 0.002 0.002 0.002 
Na 0.017 0.0011 0.002 0.0161 0.003 0.015 0.003 0.012 0.002 0.001 0.001 0.003 0.002 0.001 0.001 0.001 0.001 
K 0.001 0.001  0.000 0.001 0.000 0.000 
Total 4.033 4.0161 4.018 4.0041 4.01 4.023 4.021 4.026 4.0001 4.000 4000 4.000 4.000 4.000 4.000 4.000 4.000 
XM9 0.30 0.20 0.21 0.31 0.14 0.20 0.13 0.21 0.45 0.481 0.46 0.451 0.47 0.548 0.561 0.545 0.561 
Fe3 0.063 0.032 0.036 0.034 0.007 0.046 0.042 0.052 0.03 0.006 0.027 0.021 0.014 0.058 0.052 0.052 0.056 
Wo 42 2 2 44 3 42 1 43 1 1 1 1 1 0.001 0.001 0.001 0.001 
En 19 20 21 18 14 12 13 13 45 48 46 45 47 0.544 0.557 0.540 0.557 
Fs 39 78 77 38 83 46 86 44 54 51 53 54 52 0.455 0.442 0.459 0.442 
XAI* 0 .021* 0.0145 0 . 016* 0 . 023* 0 . 0185* 
XAI _____   0.064 0.028 0.063 0.028 
0 
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3.4.2 Orthopyroxene 
3.4.2.1 Meta-ironstone VH543 
Figure 3.8: Triangular pyroxene plot showing the chemical composition of the different generations of 
pyroxenes. 
Reintegrated compositions of Opx i indicate that these pyroxenes were pigeonites 
with Wo 101 1 En20Fs6970 and XMg 0.22. Exsolved lamellae of CPX2a  have a composition 
of W0415En181 9Fs3711 and XMg 0.29-0.32 while OPX2a have a composition of Wo 1 .. 
4En2021Fs7679 and XMg 0.20-0.2 1 (figure 3.8 and table 3.1). Neoblastic polygonal 
grains OPX3a  have a composition of Wo 12En2021 Fs7779 and XMg 0.20-0.2 1 while 
CPX3a have a composition of W0 45En18Fs37 38 and XMg 0.3 1-0.32. The second 
generation of exsolution lamellae which intersect the coarser ones in Cpx i and Opx i 
(figure 3.8) as well as the exsolution lamellae in the neoblastic polygonal grains 
(OPX3a and CPX3a) are too fine to be analysed. 
3.4.2.2 Garnet-orthopyroxene-plagioclase gneiss VH546A and VH546C 
Orthopyroxene is WoiE11445oFs5055 with XM g in the range of 0.45-0.50 (figure 3.9 
and table 3.1). Coarse orthopyroxene i have XMg values of 0.45-0.50 with a core to 
rim increase of 0.05 units while finer orthopyroxene 2 have XMg of 0.46 (figure 3.9). 
The increase Of XMg is in agreement with the progress of reaction (1). A1 203 content 
is low, in the range of 0.71-1.14 for orthopyroxene i , with a rimwards decrease of 
0.04 units. Orthopyroxene2 has an A1 203 content of 0.71-0.76 that is lower than the 
cores of orthopyroxene 1 . Fe3 content was estimated from charge balance after 
normalisation to 8 cations and it is of 0.01-0.05 c.p.f.u. which is of similar magnitude 
to the measured Al which is 0.03-0.05 p.f.u.. A reliable estimation of Fe 3 is 
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important, especially in the Al-poor rocks considered here, since Fe 3 contributes to 
the calculation of the Al-tschermaks component (X Al=[Al-2Ti-Cr-Fe3 ]/2) which is 
used in Al-based thermo-barometers (e.g. Harley and Green, 1982; Harley, 1984). 
However, the calculated Fe 3 content resulted to be very high with respect to Al 
yielding in most of the cases negative Al-tschermak values. Moreover, the estimated 
Fe3 is in the range of the analytical error and therefore in the thermo-barometric 
estimates the Al-tschermaks component was calculated considering all the iron as 
ferrous (XAI=[Al-2Ti-Cr]/2). 
Xp g VS 
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Figure 3.9: Orthopyroxene chemical composition. Cores of orthopyroxene 1 range up to higher XM, but 
most variation is seen in XMg. 
3.4.2.3 Garnet-orthopyroxene-plagioclase-K-feldspar-quartz gneiss VH207B 
and VH208 
Othopyroxenes in VH207B and VH208 are Wo 0 En5456Fs446 and are more Mg- and 
more Al-rich than VH546A and VH546C with a Fe t0t content of 0.886-0.849 which 
is up to 0.2 c.p.f.0 lower than VH546A and VH546C (figure 3.9 and table 3.1). The 
XMg  content is in the range of 0.561-0.541 and shows a core to rim increase while XM 
is 0.064-0.023 and shows a rimwards decrease. 
3.4.3 Garnet 
3.4.3.1 Garnet-orthopyroxene-plagioclase gneiss VH546A and VH546C 
Garnet is A1m6673Grs7 15Pyr1223Spsi2 (figure 3.10 and table 3.2) with XM5=0.15-0.25 
and elemental maps of coarse garnet i rimmed by symplectitic garnet2 a are complex, 
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displaying composite element zoning (figure 3.11, 3.12 and 3.13). Isolated and 
irregularly shaped domains in the garnet core have a composition of Alm 6869Grs7-
8Pyr22-23Spsl2 and preserve lower-Ca, higher-Mg, higher-Fe and higher-XM g (=0.25) 
contents with respect to the surrounding area, while Mn shows no zoning (figure 3.11 
and 3.12). Normal retrograde zoning occurs towards the grain boundaries, along 
micro-fractures and inclusion trails. Coarse garnet 1 is rimmed by a symplectitic 
garnet2a , which seals the garnet i  micro-fractures and inclusion trails and have a 
composition of Alm65 68Grs1 o-i Pyr 1  9-21 Spsi2 with XMg of 0.21-0.24. Ca-content in 
the symplectites has a zoning (figure 3.13) oriented parallel to the quartz radial 
inclusions and the difference in grossular content between high-Ca and low-Ca areas 
is in the range of 4-5 units. High-Ca areas in the symplectites have also a higher Aim 
content of 3 units and lower XMg  of 0.02 units. The calcium radial zoning of the 
symplectitic garnet2 a  contrast with the zoning of coarse garnet i that is both concentric 
and oriented along the internal fractures and inclusion trails. The symplectitic 
garnet2 a is separated from the coarse garent i by a continuous zone of Ca-rich (figure 
3.12 and 3.13) garnet i , which is locally replaced along the microfractures and 
inclusion trails by low-Ca areas of garnet2 a. This latter observation implies that 
garnet2 a-quartz symplectites post-date the formation of the retrograde Ca-rich zone 
on garnet i , which is itself interpreted to be retrograde, as it shows an increase in Ca 
and Fe and a decrease in Mg. The garnet zoning described above is consistent with a 
four-step model of garnet formation as shown in figure 3.14: an initial garnet 1 (figure 
3.14a) is fractured (figure 3.14b). During andlor after fracturing garnet 1 is replaced 
by higher-Ca garnet along the grain boundaries and micro-fractures (figure 3.1 4c) 
and later replaced by garnet 2a (figure 3.14d) sealing the micro-fractures. 
Symplectitic garnet2b, which forms coronas around pyroxenes, is more airnandine-
rich, more pyrope-poor and with a lower XMg  with respect to garnet2 a (figure 3.10) 
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Figure 3.10: Chemical composition of garnets. Specimen VH546A displays both primary Grt 1 and 
secondary Grt2a and Grt2b whilst specimen VH546A displays only Grt2 .Only the compositions of the 
more Ca-depleted areas of gartnet 1 are shown. Broken arrows indicate the compositional trend 
between garnet la  and garnet2 a of VH546a.. Note the decrease of XMg,  of pyrope and almandine from 
Grt 1 to G112a, while grossular increase. Note the higher almandine, lower pyrope and lower XMg 
contents of garnet2b with respect to garnet2a . Continuous arrows depict core to rim compositional 
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Figure 3. 11: X-ray element map of coarse garnet 1 rimmed by garnet2a . Dark areas are lower 




















Figure 3.12: Compositional profile across garnet of figure 3.11. Broken lines are fractures. Light grey 
area is garnet 1 whilst dark grey area is garnet. 
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Figure 3.13: Higher magnification of a contact between garnet 1 and garnet2 . Dark areas are lower 
concentrations. Note the radial Ca-zoning of the garnet in the garnet 2 +quartz symplectites and the 
lighter rim separating them from the internal part of garnet,. 
hS ifl' "In QtZ 
dctures 
	 G rt 
Figure 3.14: Four-step model for the formation of the garnet-zoning pattern. An initial garnet, with a 
low-Ca content (a) is fractured (b) then replaced by a Ca-rich garnet both along its boundaries and 
micro-fractures (c). A later radial zoned garnet with symplectitic quartz replaces the coarse garnet, 
along grain boundaries and micro-fractures sealing theim 
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Phase  Garnet  
Thin section  VH546A  VH546C VH207B VH208 VH552 
Position Grt 1 core Grt2p rim Grt2b rim Grt2b  rim CORE RIM CORE RIM  
Si02 37.61 36.58 37.29 37.48 37.47 37.24 36.91 37.13 37.17 
A1203 20.89 20.87 20.61 20.68 20.43 20.94 20.68 20.84 21.10 
Cr203 0.03 0.07 0.52 0.37 0.00 0.02 0.02 0.01 0.00 
FeO 31.84 30.98 34.05 32.55 32.83 33.62 32.87 32.84 34.84 
MnO 0.63 0.74 0.87 0.87 1.691 1.78 1.931 1.85 0.04 
MgO 5.89 5.3 3.46 3.72 5.91 5.58 5.68 5.63 6.11 
CaO 2.85 4.29 4.01 4.83 0.76 0.71 1.04 1.06 0.62 
Total 99.76 98.86 100.81 100.5 99.10 99.92 99.17 99.40 99.89 
Si 2.972 2.918 2.961 2.974 2.996 2.959 2.952 2.962 2.949 
Ti 0.001 0.002 0 0 0.0021 0.002 0.0021 0.002 0.001 
Al 1.944 1.962 1.929 1.933 1.925 1.962 1.949 1.959 1.970 
Cr 0.002 0.005 0.033 0.023 0.000 0.001 0.001 0.001 0.000 
Fe 2.104 2.067 2.261 2.16 2.195 2.234 2.198 2.191 2.290 
Mn 0.042 0.05 0.058 0.058 0.114 0.120 0.131 0.125 0.002 
Mg 0.694 0.63 0.41 0.44 0.704 0.661 0.677 0.669 0.723 
Ca 0.241 0.367 0.348 0.411 0.065 0.061 0.089 0.090 0.053 
Total 8.000 8.001 8.000 7.999 8.000 8.000 8.000 8.000 7.988 
xmg 0.248 0.23 0.153 0.17 0.243 0.228 0.236 0.234 0.239 
Fe3 0.108 0.193 0.116 0.103 0.0811 0.114 0.1411 0.111 0.130 
AIm 68 66 74 71 71 73 71 71 74 
Sps 1 2 2 2 4 4 4 4 0 
Pyr 23 20 13 14 23 21 22 22 24 
Grs 8 12 ill 13 2 2 3 3 2 
Table 3.2: Garnet analyses. Structural formulae calculated on the basis of 8 cations. Fe 3 is calculated 
from charge deficiency. Specimen VH546A displays both primary Grt 1 and secondary Gtr2a and Grt2b 
whilst specimen VH546A displays only Grt2b. 
3.4.3.2 Garnet-orthopyroxene-plagioclase-K-feldspar-quartz gneiss YH207B 
and VH208 
Garnet is Alm7173Grs23Pyr2023Sps4 with XMg content of 0.22-0.25 (figure 3.10 and 
table 3.2) and it is more Aim-rich, more Sps-rich and less Grs-rich than Garnet 1 in 
VH546a-c. Mineral grains show a little zoning with a rimwards decrease of 0.03 
uflits Of XMg and of 1-2 units of Pyr while the Aim content increases by 1-2 units. 
3.4.3.3 Corundum-spinel petite VH552 
Garnet in the corundum-bearing pelite is almandine-rich (figure 3.10 and table 3.2), 
with Alm7075Pyr232 7Grs12 with XMg content of 0.23-0.29. 
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3.4.4 Biotite 
3.4.4.1 Garnet-orthopyroxene-plagioclase-gneiss VH546A and VH546C 
Biotite plots across the Mg-biotites and Fe-biotites field of Forster (1960) and 
Guidotti et al., (1975) (figure 3.15 and table 3.3) and has a XMg content of 0.43-0.63, 
a Ti content of 0.34-0.72 p.f.u. and an Af content of 0.02-0.28. Biotites belonging 
to different microstructural positions show weak chemical variation; nevertheless 
biotite inclusions have a higher Ti and XMg  content with respect to those in the 
matrix (Bt i ) and in the shear zones (Bt 2). 
3.4.4.2 Garnet-orthopyroxene-plagioclase-K-feldspar-quartz gneiss YH207B 
and VH208 
Biotite is Mg-biotite (Forster, 1960; Guidotti et al., 1975) (figure 3.15 and table 3.3) 
and has a XMg  content of 0.62-0.65 which is higher than biotites in VH546A and 
VH546C. Al's" and Ti contents are respectively of 0.01-0.12 and 0.49-0.54. 
3.4.4.3 Corundum-spinet pelite VH552 
Biotite plots between the Mg-biotites and Fe-biotites field of Forster (1960) and 
Guidotti et al., (1975) (figure 3.15 and table 3.3), it has XMg 0.420.63 Al'1 0-0.78 
and Ti 0.14-0.66 c.p.f.u. 
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Figure 3.15: a) Biotite compositional fields. The arrow indicates the general decrease in Mg and Ti of 
younger biotite generations in VH546A and VH546C. b) Ti vs Al" and Ti vs XMg plots in VH546A 
and V11546C. Biotite inclusions have have a higher Ti and higher XM8 content with respect to biotites 
in the matrix (Bt 1 ) and shear zones (Bt 2). c) Ti vs Al" and Ti vs XMg plots for biotites from VH20713, 
VH208 and VH552. 
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Phase  Biotite  
Thin section VH546A  VH546C VH207B VH208 IVH552 
Position inclusion Bt1 Bt2 Inclusion Bt1 
S102 37.03 35.38 35.09 36.19 36.64 37.10 36.611 34.75 
T102 6.28 5.09 4.59 6.3 3.67 4.32 4.65 4.18 
A1203 14.69 14.02 13.39 14.31 14.34 13.85 14.37 17.18 
Cr203 0.24 0.08 0.26 0.21 0.21 0.01 0.03 0.01 
FeO 15.41 19.27 22.14 15.76 17.85 14.73 15.08 16.06 
MnO 0.03 0.02 0.05 0.02 0.04 0.02 0.05 0.01 
MgO 13.09 11.06 9.59 12.72 12.6 14.98 14.18 13.13 
CaO 0.09 0.04 0.01 0.05 0.06 0.03 0.00 0.01 
Na20 0.07 0.06 0.05 0.05 0.06 0.16 0.13 0.24 
K20 8.53 9.21 8.73 8.82 9.24 9.78 9.84 9.35 
Total 95.46 94.23 93.9 94.43 94.71 94.98 94.94 94.92 
Si 5.512 5.487 5.532 5.479 5.592 5.580 5.522 5.258 
Al1" 2.488 2.513 2.468 2.521 2.408 2.420 2.478 2.742 
Al"1 0.09 0.049 0.02 0.033 0.171 0.035 0.077 0.322 
Ti 0.703 0.593 0.545 0.718 0.421 0.488 0.527 0.475 
Cr 0.029 0.009 0.032 0.025 0.026 0.001 0.004 0.001 
Fe 1.9181 2.499 2.919 1.996 2.278 1.853 1.903 2.033 
Mn 0.004 0.002 0.006 0.003 0.005 0.003 0.006 0.001 
Mg 2.905 2.556 2.255 2.872 2.867 3.359 3.188 2.962 
Ca 0.015 0.007 0.002 0.008 0.01 0.004 0.000 0.001 
Na 0.019 0.017 0.015 0.0161 0.016 0.046 0.038 0.072 
K 1.619 1.822 1.756 1.704 1.799 1.877 1.894 1.804 
Total 15.302 15.554 15.55 15.375 15.593 15.666 15.637 15.67 
XMg 0.60 0.51 0.44 0.59 0.56 0.64 0.63 0.59 
Table 3.3: Biotite analyses. Structural formulae calculated on the basis of 23 oxygens. 
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3.4.5 Plagiocase and Alkali-Feldspars 
3.4.5.1 Garnet-orthopyroxene-plagioclase gneiss VH546A and VH546C 
Plagioclase in VH546A and VH546C has a composition of Ab 5969An28390r 1 (table 
3.4). Coarse plagioclaseia (Pl ia) has An of 33-39 with a core to rim decrease of An of 
6 units, while both plagiolcaseib (Pub) and plagioclase 2 (P12) are less anorthitic with 
An of 32-34. Plagioclase inclusions have An of 28-37. Rimming alkali-feldspar in 
\TH546A and VH546C is Ab510An 1 Or8893Cs 1 2, with a BaO content in the range of 
0.42-1.28 wt%. 
3.4.5.2 Garnet-orthopyroxene-plagioclase-K-feldspar-quartz gneiss VH207B 
and VH208 
Polygonal P1 1 has a composition of Ab 8086An 1 3 1 90r1 Cs0 with a rimwards decrease of 
the anorthite content of up to 6 units (table 3.4). The exsolved feldspars have a 
composition of Ab8491 An9120ri .6Cso (P12) and AN 1 . 17An 1 Or8289Cs01 (K42) in 
VH207B and of Ab8791 An6 1 20r15Cs0 (P1 2) and Ab 1017An00r8 188Cs02 (K42) in 
VH208 (figure 3.16, table 3.4 and 3.5). The original compositions of the exsolved 
feldspars was estimated by rastering a continuous set of adjacent 251.t 2 areas along a 
line traverse perpendicular to the exsolved lamellae. A minimum of twenty lamellae 
were intersected and a minimum of 30 analyses performed. The analyses were finally 
averaged. Six grains were analysed for each specimen. In VH207B the reintegrated 
K-feldpsar (K-f 1 ) is Ab48An3 (0r+Cs)49 while in VH208 the reintegrated K-feldpsar 
(K-f1 ) is more albite-rich than in VH207B with a composition of Ab 7oAn4(0r+Cs)26 . 
3.4.6 Corundum 
Corundum in VH552 has a FeO content of 0.5-0.9 wt% (table 3.6). 
3.4.6 Spinel 
Spinel in \1H552 is Hc6771 Spl273oMag23 (figure 3.17 and table 3.6), manganese and 























Phase  Plagioclase  
Thin section  VH546A - -  VH546C 	- Thin section VH207B - VH208 - 
Position inclusion Pl ia core Pila rim Pub I 	P12 inclusion Pila core Plia rim Pub Position P1 1 core I Pt 1 rim P12 P1 1 core P1 1 rim P12 
SiO2 58.86 59.59 59.42 5942 60.51 60.58 59.95 59.87 61136 Si02 63.621 64.39 65.59 62.77 63.81 63.94 
1102 0.00 0.00 0.00 1100 0.00 0.00 0.00 0.00 0.00 1102 0.00 0.00 0.00 0.00 0.00 1100 
A1203 24.85 24.63 24.66 24.71 24.54 24.32 25.15 24.69 24.42 AJ203 22.26 21.89 20.99 22.65 21.63 18.4 
FeO 0.86 0.04 0.04 1159 0.10 0.03 0.06 0.04 0.04 FeO 0.11 0.2 1104 0.1 0.31 0.11 
MgO 0.05 0.02 0.011 0.02 0.01 0.011 0.02 0.01 0.01 MgO 0.02 0.02 0.021 0.03 01 003 
CaO 7.72 7.19 7.10 6.76 6.461 7.30 6.89 6.89 CaO 3.63 3.19 0.03 0.04 1101 1154 
Na20 7.08 7.27 7.44 7.29 7.67 7.75 6.95 7.47 7.50 BaO 0.02 0.02 2.01 3.78 24 0.02 
K20 0.27 0.41 0.35 0.51 0.22 0.21 0.40 0.28 0.39 Na20 9.54 9.77 10.00 9.47 11101 1.25 
Total 99.6 99.13 99.02 99.30 9963 99.35 99.83 99.25 9962 K20 0.24 0.23 1.02 0.21 0.17 14.9 
Total 99.44 99.71 99.70 99.07 98.65 99.19 
Si 2.649 2.682 2.678 2675 2102 2.711 2.676 2.687 2.700 - 
Al 1.318 1.306 1.309 1.311 1.291 1.283 1.323 1.306 1.287 Si  2.828 2.851 2.901 2.804 2.854 2.983 
Mg 1 	0.003 0.001 0.001 0001 0.0011 0.001 0.001 0.001 0.000 PJ  1.166 1.142 1.094 1.192 1.14 1.012 
Fe 0.032 0.001 0.001 11022 0.004 0.001 0.002 0.001 0002 Fe 0.004 0.007 0.001 11004 0012 11004 
Na 0.618 0.634 0.650 0.636 0.664 0.673 0.601 0.650 0.650 11 - - 0 0 0 0 
Ca 0.372 0.347 0.343 0.326 0.315 0.309 0.349 0.331 0.330 Mg 0.001 0.001 0.00 0.001 0.005 0002 
K 0.016 0.023 0.020 0.029 0.012 0.012, 0.023 0.016 0022 Na 0.822 0.838 0858 082 0.868 0.113 
Total 5.01 4.9941 5.002 5.002 4.990 4.990 4.975 4.993 4.993 Ga 0.173 0.151 0.0951 0.181 0.127 0.001 
K 0.014 0.013 0.057 0.012 0.01 0.887 
Ab 61 63 64 641 67 68 62 65 65 Ba 0 0 0.001 0.001 0 0.01 
An 37 35 34 33 32 31 36 33 33 Total 5.008 5.003 5.01 5.016 5.016 5.012 
Or 2 2 23_1  2 2 2 
Ab 81 84 85 81 86 11 
An 17 159 18 13 0 
Or 1 11 61 11 88 
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Phase  K-feldspar  
Thin section VH546A VH546C VH207B VH208 
Kfs Kfs Kfs2 Kfs2 
Position C C EL EL 
Si02 63.72 64.34 64.37 66.67 
T102 0.03 0 0 0 
A1203 18.4 18.221 18.52 20.38 
FeO 0.12 0.161 0.13 0.04 
MgO 0.01 0.011 0.03 0.02 
BaO 1.28 0.451 0.35 0.04 
CaO 0.05 0.051 0.05 1.21 
Na20 0.69 0.931 1.53 10.59 
K20 15.52 15.34 14.34 0.73 
Total 99.82 99.5 99.32 99.68 
Si 2.976 2.993 2.986 2.939 
Al 1.013 0.999 1.012 1.059 
Fe 0.005 0.006 0.005 0.002 
Ti 0.001 0.000 0 0 
Mg 0.001 0.001 0.002 0.002 
Na 0.063 0.084 0.138 0.905 
Ca 0.003 0.003 0.003 0.057 
K 0.925 0.910 0.849 0.041 
Ba 0.023 0.008 0.006 0.001 
Total 5.010 5.004 5.001 5.006 
Ab 6 8 14 90 
An 1 0 0 6 
Or 91 91 851 4 
Cs 2 1 1 0 
Table 3.5: K-feldspar analyses. Structural formulae calculated on the basis of 8 cations. EL: 
exsolution lamellae. C: coronite. 
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Figure 3.16: Compositions of the exsolution lamellae in the initial polygonal feldspars of figure 3.6. 
White dots are the composition of the exsolution lamellae. Black dots are the average composition of 
the lamellae. White square is the reintegrated composition of the initial feldspar reconstructed by 
rastering a line traverse perpendicular to the feldspar lamellae. Black squares are the average 
compositions of the initial feldspars. Isotherms are calculated using the solid solution models of: 
(F&L) Fuhrman and Lindsley (1988); (L&N): Lindsley and Nekvasil (1989); (E&G) Elkins and 
Grove (1990). 
3.4.7 Ilmenite 
Ilmenite has a XMg  content of 0.04-0.07, a MgO content of 0.06 wt% and MnO of 
0.01 wt%. Chemical profiles across ilmenite grains rimmed by garnet 2-quartz 
symplectites in VR546C show no Fe, Mg or Mn zoning. 
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Phase Corundum Spinel 
Thin section VH552  VH552 
Si02 0.01  0.02 
A1203 99.25  57.16 
Cr203 0.01  0.02 
FeO 0.69  32.20 
MnO 0.01  0.01 
MgO 0.02  6.90 
CaO 0.02  0.00 
Total 100.04  96.37 
Si 0.00  0.001 
Ti 0.00  0.001 
Al 1.99  1.931 
Cr 0.00  0.000 
Fe 0.01  0.770 
Mn 0.00  0.001 
Mg 0.00  0.295 
Ca 0.00  0.000 





X 1 1 30 
Xch r 0 
Xmag 3 
Xulv 0 
Table 3.6: Corundum and Spmel analysis. Cations of corundum calculated on the basis of 3 oxygens. 
Cations of spinel calculated on the basis of 4 oxygens. Fe 3 estimated using the site balance 
calculation Fe 3 = 2 - (Al + Cr +Tl), where Ti, Al, Cr Fetot,  Mn and Mg have been normalised to a 
total of 3. hc: hercyrnte. gal: galaxite. spl: spinel. chr: chromite. mag: magnetite. ulv: ulvospinel. 
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Figure 3.17: triangular plot of spinel composition. 
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4 Thermobarometry 
4.1 INTRODUCTION 
This chapter addresses the problem of how to estimate pressure and temperature 
from natural metamorphic mineral assemblages. Section 4.2 is a theoretical 
introduction to thermodynamics showing how it is possible to obtain a 
thermodynamic expression linking mineral chemical composition to pressure and 
temperature (4.2.1) and how mineral composition can be expressed in terms of an 
equilibrium constants (4.2.2). Section 4.3 discusses the four main methods used in 
thermobarometry and identifies the themobarometric calibrations more suitable for 
the lithologies considered in this work. Finally, section 4.4 assesses the limitations to 
the use of thermobarometry with particular attention to the effect of retrograde cation 
exchange and to the methods commonly used to restore peak pressure and 
temperature estimates. 
The explanation presented here is developed largely from the description presented 
by Essene (1982 and 1989) and by Spear (1993). 
4.2 THERMODYNAMIC BACKGROUND 
4.2.1 Obtaining the fundamental expression for thermodynamics 
Thermobarometry is the calculation of metamorphic pressure and temperature 
conditions from the composition of mineral assemblages. The use of 
thermobarometry in metamorphic rocks is based on the assumption that the 
constituting minerals preserve compositions reflecting a state of chemical 
equilibrium reached at some point during metamorphism. The composition of a 
phase is considered in thermodynamics in terms of chemical potential. The chemical 
potential of a component i ( tj) is defined as: 
aG 	
(4.1) an ' ) P,T,,,j 
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where n1 is the number of moles of component i, n is the number of moles of all 
components other than i and G is the Gibbs free energy of the system at a given 
temperature, pressure and composition. The chemical potential (!z,p,T)  at a given 
pressure and temperature is commonly divided into the two following terms: 
	
/i,P,T= IL°i,P,T + RT In aI,P,T 	 (4.2) 
where the first part (°i,p,T)  refers to the chemical potential of the components i at 
some standard composition, pressure and temperature. The second part instead 
contains a composition-dependent term called activity (a 1 ,p,1) which accounts for the 
deviation of the composition of component i from the standard composition. The 
activity term (a 1 ,p,T) is a function of composition, pressure and temperature. In the 
case of solid minerals the standard state is that of a pure substance pure component 
i) at the pressure and temperature of interest. As an example we might consider the 
mineral garnet ((Fe,Mg,Mn,Ca) 3Al2 Si3O 12) as a simplified solid solution of the pure 
components almandine (Fe3Al2Si3O1 2),  pyrope (Mg3Al2Si3O1 2),  spessartine 
(Mn3Al2 Si3 Oi2), and grossular (Ca3Al2 Si3O 12). The chemical potential of the 
component almandine (j) in the garnet solid solution is: 
lLalm,P,T= P'°alm,P,T + RT in aalm,p,T 	 (4.3) 
The standard state chemical potential of the component i at a given pressure and 
temperature (jf,p,) is equal to the standard state Gibbs free energy (G° 1 ,p,T) at the 
same pressure and temperature: 
0 • 	- 0. IL i,P,T - 	i,P,T (4.4) 
and in case of a garnet composed of pure almandine at a given pressure and 
temperature the expression (4.5) can be written as: 
0 IL alm,,T - - G°am,p,i 	 (4.5) 
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If the component i is not in standard conditions expression (4.2) can be written as 
follows: 
Ii,P,T = G°,P,T + RT1n a,p,T 	 (4.6) 
When a chemical reaction among different components is at equilibrium at a 
particular P and T the sum of the free energy (G) or chemical potential (/L) of the 





were u 1 is the stoichiometric coefficient of component i in the balanced reaction for 
the equilibrium with a positive value for the products and a negative for the reactants. 
Substituting expression (4.7) in (4.6) we obtain the expression: 
AG°P,T+RT Eln(u 1 pj)=O 	 (4.8) 
where AG°P,T is the change in Gibbs free energy for the pure components at P and T. 
If we define an equilibrium constant as: 
lnK= E ln(ujz j) 	 (4.9) 
then expression (4.8) can be written as: 
AG°,1 +RTInK =0 	 (4.10) 
The change in the Gibbs free energy for a pure-phases reaction can be expressed in 
terms of entropy (S), enthalpy (H) and volume (V) using the expression: 
AG°P,T = 	- TS°1,T+ JI V O PT  dP 	 (4.11) 
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Where the first two terms on the right give respectively the enthalpy (AH°) and 
entropy change (zS°) of the reaction at ibar and at T, while the third member gives 
the volume change (AV°) between 1 and P. In the case of a reaction taking place 
among solid phases it is commonly assumed that the volume change is independent 
of pressure and temperature and therefore expression (4.11) becomes: 
= 	- ThS° 1,T+ PAV°P,T 	 (4.12) 
and combining (4.10) and (4.12): 
AH°1,T - ThS ° J,T+ PAV°P,T + RTInK =0 	 (4.13) 
This is a fundamental simplified expression for thermobarometry since it relates the 
equilibrium constant to changes in pressure and temperature and can be rearranged in 
the two following ways: 
T = H° IT 
+ PL\V 1 
ASOIJ - RInK 




The use of this expression is straightforward since values of AH°, zS° and AV° are 
known from experimental data or thermodynamic tables. The value of K can in 
principle be obtained from the chemical analysis of coexisting minerals using an 
instrument such the electron microprobe and then inserting mineral composition data 
into an appropriate solid-solution model. Using these data in the expression (4.14) or 
(4.15) it is possible to draw a line of constant equilibrium (isopleth) in P-T space and 
Expression 4.14 is obtained as follows: 
iH° I,T - ThS°+ PLW°P,T + RT1nK = 0 
-ThS° IT + RTInK = -AH°1 T - PIV°PT 
T(iS° 1 ,1 - RInK) = LH° 1,T + PL\V°P,T 
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it is assumed that minerals equilibrated at some point along the line. If two different 
equilibria can be calculated, then two isopleths can be drawn on the P-T diagrams 
and the intersecting point of the two isopleths will define a unique pressure and 
temperature (figure 4.1). Such pressure and temperature estimates will have an 
associated error ellipse resulting from the combination of analytical errors, 
uncertainties in the thermobarometric data and uncertainties in a-x models. 
1 0 
4. 	 2 
0 	 I 	 I 
500 600 700 800 900 1000 
T °C 
Figure 4.1: 1 and 2 are two isopleths in P-T space. The intersection of the two isopleths defmes a 
unique temperature (T a) and a unique pressure (P a). 3 is a possible ellipse error of the estimated T 
andP. 
4.2.2 The equilibrium constant 
Let us now consider a generalised chemical reaction such as: 
aA+bB=cC+dD 	 (4.16) 
where A, B, C and D are four chemical components and a, b, c and d are the relative 




(a A ) a (a B ) b 
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where a1 is the activity of component i and may be related to the composition of the 
phase of interest through the expression: 
	
aj =Xja 	 (4.18) 
where X 1  is the mole fraction of component i in the considered phase, 'yj is the 
activity coefficient and a is the number of crystallographic sites over which the 
mixing can occur. In the case of a one-site solid solution expression 4.18 would be: 
a1 =X 	 (4.19) 
The activity coefficient accounts for the non-ideal behaviour of the component in 
the considered one site solid solution, its functional form depends upon the chosen 
solid-solution model. The equilibrium constant also can be expressed as the product 
of two quantities: 
K=KK7 	 (4.20) 
In which Kx is the composition (mole fraction) term and K.1 the activity coefficient 




(XA ) (XB 
)b 
K7= (7c)C(?D)' 	 (4.22) 
(YA) (Y)b 
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4.3 METHODS FOR THERMOBAROMETRIC ESTIMATES 
4.3.1 Exchange thermometry 
Most of the thermometers used in geology are based on chemical reactions known as 
exchange reactions. Exchange reactions can be written in terms of only exchange 
components and they usually make good thermometers since they have a small 
AVreact ion since there is no net-transfer of atoms. The exchange components that are 
more commonly used are Fe 2 and Mg2 . An exchange reaction that is very 
commonly applied to granulite-facies terrains is: 
pyrope + 3ferrosilite = almandine + 3enstatite 
M93Al2Si30 12 + 3FeSiO3 = Fe3Al2 Si3O 12 + 3MgSiO3 	(4.23) 
which describes the exchange of Fe 2 and Mg2 between coexisting garnet and 
orthopyroxene. By subtracting like components, this reaction can be written in terms 
of only FeMg. 1 exchange components: 
FeMg1 Grt = FeMg_ j 0PX 
	
(4.24) 
In Fe2tMg2  exchange reactions the equilibrium constant is commonly expressed as 
follows: 
r (Fe/Mg)' ia [ (lFe/YMg )Grt a 
K K Ky= (Fe/Mg)opx 	
Fe/yMg)0PX] 	 (4.25) 
where a is the number of crystallographic sites over which mixing can occur and in 
case of reaction 4.23 would be 3. Inserting equilibrium constant as formulated above 
in expression (4.14) we obtain the thermodynamic expression used for thermometry: 
T= 
AH° Ij +PAV ° P,T +RTlnK 
LS° IT  
(4.26)'.  
Expression 4.26 is obtained as follows: 
H°I,T - ThS° 1 ,1 + PLW °P,T + RThiK + RTLnK7 = 0 
-ThS0 1 ,1 + RTInKx = -z\H01 - PLW°p,T - RT1nKy 
T(S°1 - RlnKx) = L\H° I,T + PAV°p,T + RTInK7 
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Several calibrations have been proposed for reaction (4.23) for granulite-facies 
thermometry (Harley, 1984a; Lee and Ganguly, 1987; Ganguly et al., 1996). The 
main differences in these calibrations lie in the formulation of the garnet solid-
solution model, the range and quantity of the experimental data and in the chemical 
system that was considered. 
4.3.2 Solvus thermometry 
Solvus thermometry is based on the existence of miscibility gaps between solid end 
members of a solid solution series. Miscibility of solid end-members is strongly 
controlled by temperature while pressure has only a minor effect and therefore the 
composition of phases coexisting across a solvus can generally be used as a 
thermometer. 
Feldspar and pyroxene grains from granulite-facies terrains commonly show lamellae 
of different compositions that are interpreted as having exsolved from grains with 
initially homogeneous compositions. The composition of the coexisting lamellae can 
therefore be used to estimate the temperature at which exsolution ceased to progress 
while the restoration of the composition of the initial grain provides a minimum 
estimate for the peak temperature condition. Two main methods can be used to 
restore the initial composition of a grain: image analysis and traverse scanning. 
Image analysis can be used to estimate the relative area of the two lamellae types in a 
grain. However, this method can be difficult to apply when lamellae are very fine 
(e.g. 2-5 p.m size) and irregular. The second method consists in rastering the beam of 
the microprobe along a traverse intersecting the exsolution lamellae and hence 
obtaining an average composition of the grain. 
Let us now consider the two solvus thermometers most commonly used in 
thermometry for granulite facies metamorphism. 
Two-feldspars thermometry based on ternary feldspars. Various calibrations have 
been proposed for two-feldspar thermometry (Fuhrman and Lindsley, 1988; Lindsley 
and Nekvasil, 1989; Elkins and Grove, 1990) and they mainly differ in the 
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formulation of the feldspar solid-solution model. The calibration of Fuhrman and 
Lindsley (1988) usually produces the highest temperatures for metamorphic grains. 
It has to be born in mind when using the two-feldspars thermometer that it is possible 
that some albite component can be lost at high temperature (Bohlen and Essene, 
1977). Moreover, it is possible that K can migrate towards the edges of the grain by 
retrograde diffusion and therefore two-feldspar thennometry usually provides only a 
minimum estimate. Nevertheless, two-feldspars thermometry has been used to 
deduce temperatures of 1110°C (Hokada, 2001) that are consistent with those 
obtained with different methods (Harley and Motoyoshi, 2000) in the case of the 
Napier Complex (Antarctica). Hence the two-feldspars thermometer is considered a 
reliable method for the estimation of temperatures in granulite-facies rocks, when 
applied with careful consideration of the feldspar textures (Cayzer, 2002). 
Figure 4.2: triangular composition diagram for the feldspars showing three isotherms calculated using 
the program Solvcalc (Wen and Nekvasil, 1994) at a pressure of 8 kb using the solid solution model of 
Fuhrman and Lindsley (1988). Grey dots represent the composition of the exsolved feldspars, while 
black square is the reintegrated composition of the initial feldspar grain. 
As an example, figure 4.2 is a triangular composition diagram for the feldspars 
showing three isotherms calculated using the program Solvcalc (Wen and Nekvasil, 
1994) at a pressure of 8 kb using the solid solution model of Fuhrman and Lindley 
(1988). Grey dots represent the composition of the exsolved feldspars, which plot at 
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a temperature of 800 °C. The black square is the reintegrated composition of the 
initial feldspar grain, which plots at a temperature close to 1000 °C. If feldspars had 
any celsian component, such component would have to be added to the orthoclase 
component. 
Two-pyroxene thermometry based on quadrilateral pyroxenes. The potential of the 
miscibility gap between orthopyroxene and clinopyroxene as a thermometer has long 
been recognised (Wood and Banno, 1973; Wells, 1977; Kretz, 1982; Lindsley and 
Andersen, 1983). Different authors have proposed analytical expressions for the two-
pyroxene thermometer (Wood and Banno, 1973; Wells, 1977; Kretz, 1982) however 
these early formulations were not particularly reliable since they were based on 
simplified compositional models which failed to account for the effect of non-
quadrilateral components. Lindsley and Andersen (1983) proposed a more reliable 
thermometer that more effectively considered the effect of minor non-quadrilateral 
components. The proposed thermometer is based on a graphical approach in which 
the chemical compositions of coexisting exsolution lamellae and reintegrated initial 
grain compositions are plotted on a quadrilateral (En-Fs-Di-Hd) diagram showing 
isotherms for the coexisting phases at a fixed pressure (figure 4.3). The procedure to 
calculate the pyroxene end members is explained in appendix 2.1. This approach has 
produced results for Fe-rich sub-calcis augites and pigeonites that are consistent with 
feldspar and other thermometry in the same UHT terrains (e.g. Napier Complex, 
Harley, 1989). 
Ofl 2O3O b08090 m0 
Figure 4.3: example of quadrilateral composition diagram for pyroxenes showing isotherms calculated 
at 1 atm. 
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4.3.3 Net transfer reactions 
Net transfer reactions are continuous reactions involving the production and 
consumption of mineral phases. They have variance of 1, they involve large volume 
changes (i.e. they have large iV react ion) and therefore they can make good barometers 
since the equilibrium constant is pressure sensitive. The thermodynamic expression 
used in barometry can be obtained by inserting the (4.25) expression in (4.15): 
TASI,T —AH ° 1,T RlflKx -RT1nK 7 
P= 	 (4.27) 
AV° P,T 
A net-transfer reaction that is commonly used in the barometry of granulites is the 
gamet-plagioclase-orthopyroxene-quartz equilibrium of which there are two 
formulations considering two different chemical sub-systems. The GAES reaction 
(Perkins and Newton, 1981; Bowlen et al., 1983; Moecher et al., 1988; Essene, 1989) 
uses the Mg-components of orthopyroxene and garnet and therefore considers 
orthopyroxene in terms of enstatite and garnet in terms of pyrope and grossular: 
3enstatite + 3anorthite = 2pyrope + grossular + 3quartz 
3MgSiO3 + 3CaAl2 Si2O8 = 2Mg3Al2Si3O j2 + Ca3Al2 Si3 O 12 + 3SiO2 	(4.28) 
The GAFS reaction (Bohlen at al., 1983; Moecher et al., 1988; Essene, 1989) uses 
instead the Fe-components of orthopyroxene and garnet and therefore considers 
orthopyroxene in terms of ferrosilite and garnet in terms of almandine and grossular: 
3ferrosilite + 3anorthite = 2almandine + grossular + 3quartz 
3FeSiO3 + 3CaAl2Si2O8 = 2Fe 3Al2Si3O 12 + Ca3Al2 Si3O 12 + 3SiO2 	(4.29) 
A consequence of the different chemical systems considered in the reaction (4.28) 
and (4.29) is that GAES calibrations are more reliable in Mg-rich lithologies while 
GAFS calibrations are more reliable in Fe-rich lithologies such as the ones that will 
be considered in the present work. 
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Another barometer commonly used in granulites is the garnet-orthopyroxene 
barometer (Harley and Green, 1982) that considers the solubility of Al in 
orthopyroxene in a Mg-system and is based on the following reaction: 
enstatite + Mg-Tchermaks' = pyrope 
in orthopyroxene 	in garnet 
M92 Si2O6  + MgAl2 SiO6 = M93Al2 Si3O12 	 (4.30) 
This net-transfer reaction has a moderately steep dP/dT slope and so has also been 
applied as a thermometer. The best example of this is the garnet-orthopyroxene 
thermometer based on the solubility of A1 203 in orthopyroxene in Fe-sub-systems 
(Aranovich and Berman, 1997): 
3ferrosilite + orthocorundum = almandine 
in orthopyroxene 	in garnet 
3FeSiO3 + A1203 = Fe3Al2Si3O 12 	 (4.31) 
Such a thermometer has proven particularly useful in estimating near-peak 
temperatures in rocks in which garnet and orthopyroxene experienced post-peak 
Fe2tMg2  re-equilibration. It has been demonstrated that Al content of 
orthopyroxene in equilibrium with garnet is more resistant to retrograde temperature 
re-equilibration than the Fe and Mg (Fitzsimons and Harley, 1994; Pattison and 
Begin, 1994) and therefore thermometers based on Al-solubility are more likely to 
provide peak conditions than the Fe 2 -Mg2 exchange thermometry. 
4.3.4 Univariant equilibria 
The use of umvariant mineral assemblages is potentially the more reliable method to 
obtain P-T estimates since such assemblages can be stable at only one P or T, or P-T 
condition given particular chemical compositions of the solid solutions (e.g. in 
FMAS). However, univariant assemblages are not commonly preserved in 
metamorphic terrains and even when present their stability can be influenced by the 
effects of additional components in the solid solutions or by the development of 
"apparent" univariant equilibrium during retrograde disequilibrium. 
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Good examples of univariant equilibria useful for thermobarometry include the 
dehydration-melting reactions such as: 
biotite + plagioclase = orthopyroxene + K-feldspar + melt 
Bt+Pl=Opx+Kfs+L 	 (4.32) 










700 	800 600 
T0C 9tlVA 
Figure 4.4: P-T space showing the position of the dehydration-melting reaction 3.32 (1). Note its steep 
dP/dT. 2) is a vapour-present reaction. 3)Is the H 20 saturated solidus for pelites. Curves from Spear 
(1993). 
4.4 LIMITATIONS IN THE USE OF THERMOBAROMETRY 
4.4.1 Imprecise calibration of reactions 
Some thermometers and barometers might not be completely reliable due to the lack 
of reversal in the experiments or due to the extrapolation of results outside the P-T-X 
condition of the experiments. In many cases the lack of experimental reversal may 
explain differences in the formulation of various thermometers and barometers. 
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Moreover, thermometers and barometers have to be applied critically, with particular 
attention paid to the P-T-X conditions of calibration of the experiments in order to 
verify the applicability to the geological problem under consideration. 
4.4.2 Inaccurate models for thermodynamics of solid solutions 
All thermometers and barometers include in their formulation an equilibrium 
constant K (4.20) that is composed of a composition term (K g) and an activity 
coefficient term (K.). While there is little ambiguity about the value of K, which is 
obtained through chemical analysis of mineral experimental products, different 
authors have opted for different mineral activity expressions resulting in different 
versions of the same thermometer or barometer. A typical example is the Fe 2tMe2 
exchange thermometer based on the reaction (4.23). There are at least four versions 
of such a thermometer (Harley, 1984a; Lee and Ganguly, 1987; Sen and Battacharya, 
1984; Ganguly et al., 1996) that differ in the garnet activity expression that was 
chosen as well as in the experimental data. 
4.4.3 Errors in the estimation of Fe 31 
The vast majority of mineral chemical analyses are nowadays carried out using the 
electron microprobe. Such an instrument allows the measurement of mineral 
chemical compositions in a few minutes using a normally polished thin section while 
other methods such as the X-ray diffractometry are more time consuming and require 
special preparation of the samples. The easy way of preparing probe samples 
together with the short term required for any analysis made the electron microprobe 
the most commonly used analytical instrument in petrology, however its use has 
some pitfalls which have consequences for thermobarometry. The biggest limitation 
in the use of the electron microprobe is the impossibility to distinguish between Fe 2 
and Fe3 . The knowledge of the Fe 3 content is important in the use of thermometer 
based on Fe2 -Mg2 exchange since Fe 3 is not involved in the exchange reaction. 
Fe3  content also affects thermometers and barometers based on the Al-solubility in 
orthopyroxene due to the potential substitution of A1 3+  by Fe 3+ 
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In the absence of an independent Fe 3 estimate, that could be obtained for example 
through wet chemistry (Nandakumar and Harley, 2000) or Mossbauer Spectroscopy 
(Dyar et al, 2002), it is possible to estimate the ferric content through a process of 
stoichiometric normalisation (Droop, 1987; Deer et al., 1963; Schumacher, 1991; 
Spear, 1993). However, even the stoichiometric normalisation has its limitations 
since it is affected by the accuracy of elemental calibrations and analytical errors. As 
a consequence it is common practice in exchange thermometry to consider all iron as 
Fe2 . 
The estimation of the Fe 3 can be a key issue in the use of thermometers (Aranovich 
and Berman, 1997) and barometers (Harley, 1 984b) based on the solubility of Al in 
orthopyroxene. In this case the Al content may be expressed as follows: 
X= A1
TOT - 2Ti - Cr - Fe 3 
AI 	 (4.33) 
2 
The calculation of XAI is explained in appendix 2.4. It is evident by inspection (4.33) 
that errors in the estimation of Fe 3 can lead to the underestimation of the XAI  of 
orthopyroxene especially in iron-rich and Al-poor lithologies such as the gneiss 
considered in the present work. In many examples from the literature this example 
has been avoided or ignored by using simpler calculation of XAI  as simply A112. Such 
a XAI formulation gives an upper estimate of the Al content for thermobarometry and 
hence yields maximum T or minimum P given all other X parameters are fixed. 
4.4.4 Effect of cation order/disorder in minerals and synthetic phases 
The effect of cation order/disorder on a mineral is often not considered even if it can 
have a fundamental effect on thermobarometry. Synthetic products resulting from 
mineral experiments should have the same structural state as the natural metamorphic 
minerals. One example illustrating the effect of this is the case of synthetic 
sapphirine that is more disordered than the natural one (Charlu et al., 1975). As a 
consequence the experimental data on the stability of synthetic sapphirine (Hensen, 
1971; Hensen and Green, 1971, 1973; Seifert, 1974; Ackermand et al., 1975) may 
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indicate the stability of sapphirine under P-T conditions different from the ones in 
which natural sapphirine would occur (Hollis and Harley, in press). 
4.4.5 Retrograde cation exchange and recovery of peak P and T conditions 
It has already been highlighted in section (4.6) that thermobarometric estimates 
based on gamet-orthopyroxene equilibrium can be affected by the retrograde cooling 
history of the rocks. In particular Fe 2 -Mg2 can be affected by retrograde cation 
exchange and therefore result in temperature underestimates. Similarly, the Al 
content of orthopyroxene can be subject to retrograde cation 
diffusionlhomogenisation so that the core of a mineral could retain an Al content 
lower than the initial one yielding lower T estimates. However, Al diffusion ceases at 
higher temperature than the closure temperature for retrograde Fe-Me exchange. As a 
consequence, pressure and temperature estimates from net-transfer reactions and 
temperature estimates from exchange thermometry may not relate to the same stage 
of metamorphic re-equilibration (Fraser and Lawless, 1973; Frost and Chacko, 1989; 
Harley, 1989; Perkins, 1990; Fitzsimons and Harley, 1994; Pattison and Begin, 
1994). Fitzsimons and Harley (1994) elaborated a technique for the recovery of peak 
P and T conditions considering the combined effect that retrograde Fe-Mg exchange 
has on the Harley (1984a) thermometer and Harley (1984b) barometer. Assuming 
that Al and Si diffusion were minimal in their minerals subsequent to peak 
metamorphism they estimated a pressure corresponding to this peak temperature 
using garnet-orthopyroxene-plagioclase-quartz barometers, which are less sensitive 
to retrograde Fe-Mg cation exchange. The garnet composition fed into the Harley 
(1984b) barometer is changed until the derived pressure is equal to the reference 
pressure defined by the gamet-orthopyroxene-plagioclase-quartz barometers. This 
new garnet composition is then used to obtain a corrected temperature estimate with 
the Harley (1984a) thermometer. This approach accommodated all the Kx change in 
the garnet composition and is similar to that adopted by Pattison and Begin (1994). 
Such an assumption is equivalent to assuming an infinite reservoir of orthopyroxene 
with respect to garnet. Finally it has to be pointed out that if there has been 
retrograde Al-Si diffusion, then this technique will provide P-T estimates for the 
closure of Al-Si diffusion rather then the metamorphic peak. 
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In the case of the gneisses from the Vestfold Hills that are considered in this work a 
different approach has been used. An independent estimate of peak temperature has 
been obtained using two feldspar-thermometers. Garnet and orthopyroxene 
compositions have then been varied until the Harley (1984a) thermometer 
reproduced the independently estimated peak temperature. The new garnet and 
orthopyroxene compositions were then fed into a set of barometers to obtain a 
corrected pressure estimate corresponding to the pressure at I. 
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5 Temperature and Pressure estimates for metamorphism 
in the Vestfold Hills 
5.1 INTRODUCTION 
Textural analysis and mineral chemistry of the gneisses presented in chapter 3 is used 
in this chapter to estimate the conditions of metamorphism of the Vestfold Hills. The 
methods used in this chapter to estimate temperature and pressure have been 
previously addressed in chapter 4. Section 5.2 presents thermobarometric estimates 
for the peak Ml event, whilst section 5.3 present themobarometric estimates for the 
retrograde, post-Mi, metamorphic evolution. Section 5.4 summarises the pressure 
and temperature results presented in previous sections and proposes a metamorphic 
evolution model for the terrain. 
5.2 PEAK (Di-Mi) CONDITIONS 
Conventional thermometers that rely on Fe-Mg exchange equilibria have been 
demonstrated in a number of studies to seriously underestimate peak metamorphic 
temperatures in granulites (Harley, 1989, 1998a; Frost & Chacko, 1989; Pattision & 
Begin, 1994; Fitzsimons & Harley, 1994). Hence, in this study peak temperatures for 
the Dl -Ml metamorphism in the Vestfold Hills have been estimated using 
reintegrated compositions of exsolved pyroxenes in VH543, and exsolved alkali 
feldspars in VH207B and VH208. 
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Figure 5.1: Temperature and pressure estimates from samples VH546A and VH546C. a-b) Estimates 
using the compositions of less retrogressed cores of garnet 1 and orthopyroxene 1 . c-d) Estimates for the 
formation of the secondary gamet 2b-quartz symplectites between orthopyroxene and plagioclase. 
"original" are estimates calculated using the chemical composition uncorrected for the retrograde Fe-
Mg exchange. "retrieved" are estimates calculated using the chemical composition corrected for the 
retrograde Fe-Mg exchange according to the procedure explained in section 4.4.5. 
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Figure 5.2: Temperature and pressure estimates from samples VH207B and VH208. a) Estimates 
calculated using the "original" chemical composition of the less retrogressed core of the garnet and 
orthopyroxene. These compositions are uncorrected for the retrograde Fe-Mg exchange. b) Estimates 
calculated using the "retrieved" chemical composition of the less retrogressed core of the garnet and 
orthopyroxene. These compositions are corrected for the retrograde Fe-Mg exchange 
Shaded area is the preferred P-T range. 
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TEMPERATURE 
Gamet-orthopyroxene-plagioClaSe 'jartz gneiss  
Sample -  COMPOSITION 	- _ F 	yj exchange  
XMqgrt Xgrs Xaim Xprp XMgopx Xpj P-reference 
T(t-I84) T(LG88) T(G96) T(HG82) T(AB97) 
VH207B CORE oal 0.246 0.022 0.740 0.236 0.548 0.064 7. 591 
649 650 794 747 
VH207B CORE retrieved 0.256 0.02 0.740 0.238 0.429 0.064 7 
851 931 930 8541 848 
VH208 CORE oaI 0.236 0.030 0.741 0.229 0.545 0.063 7.7 578 
6381 638 7921 747 
VH208 CORE retrievec 0.246 0.030 0.741 0.229 0.417 0.063 
7.7 851 935 934 857 854 
VH546AGrt CORE o2aI 0.248 0.07 0.692 0.228 0.454 0T3  Th 886 885 668 727 
VH546AGrt CORE retrieved 0.258 0.07 0.683 0.228 0.441 8 851 955 
953 74 736 
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(H546CGrt oriqinaI 0.153 0.136 0.749 0.146 0.473 0.019 8 520 601 601 5 665 
PRESSURE 
Garnetorthopyroxene-pIagiOcIaSe-gUartZ g neiss  
Sample   COMPOSITION   
- 	Grt-Opx-P1a9-Qz 	- - Grt-Opx-Al_ 
XMggrt Xgrs Xaim X XAI XAn T-reference 
P(PN) P(GAES) P(BWB) P(GAFs) P(E91) P(W74) P(HG82) P(H84) 
VH207b CORE original 0.246 0.022 0.740 0.238 0.548 0.064 0.17 
850 4.8 5.9 7.7 9.5 4.4 13.9 10.2 -0.2 
VH207b CORE retrieved 015 0.022 0.740 0.2381 0.429 0.064 0.17 850 
7.21 8.2 6 8 6.71 1"8 76 7.8 
VH208 CORE original 0.236 0.030 0.741 0.2291 0.545 0.063 0.19 850 
5.21 6.1 - 10.1 4.8 13.7 10.2 -1.0 
VH208 CORE retrieved 0.2461 0.030 0.741 0.2291 0.417 0.0631 0.19 
850 7.7 9 6.2 8.1 7.2 126 7.4 Tr 
VI-I546AGrt CORE original 0.07 0.692 0.228 0.454 0 .023* 0.39 850 7.1 8 6. 
8.7 6.6 221 17.7 16.8 
VH546A Grt CORE retrieved ö5 0.07 0.683 0.228 0.441 
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Table 5.1: a) Temperature estimates. b) Pressure estimates. 
"original" is the uncorrected mineral composition. 
"retrieved" is the mineral composition corrected for the later effects of any Fe-Mg exchange. 
"P-reference" is the nominal pressure at which thermometers are calculated. 
"T-reference" is the nominal temperature at which the barometers are calculated. 
Thermometers: T(H84): Harley (1984); T(LG88): Lee and Ganguly (1988); T(G96): Ganguly et al. 
(1996); T(HG82): barometer of Harley and Green (1982) recast as a thermometer for the given 
nominal pressure; T(AB97): Aranovich and Berman (1997). 
Grt-Opx-PL-Qtz barometers: P(PN): Perkins and Newton (1981); P(GAES): Moecher et al. (1988), 
and Essene (1989) Mg-systems barometer; P(BWB) Bohien et al. (1983); P(GAFs): Moecher et al. 
(1988) and Essene (1989) Fe-syatems barometer; P(E91): Eckert et al. (1991). 
Grt-Opx-Al barometer: P(W71): Wood (1974); P(HG82): Harley and Green (1982); P(H84): Harley 
(1984). 
P(TC): Therinocalc (Holland and Powell, 1998). 
XAI=[Al-2Ti-Cr-Fe]/2. * XA1 calculated considering all iron as ferrous *XAI[Al2TiCr]/2 
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Application of the graphical two-pyroxene thermometer (Lindsley, 1983) to the 
reintegrated compositions of pre-exsolution pigeonite and Fe-augite in the meta-
ironstone VH543 (figure 3.8) yields temperature estimates of 860-930°C. As the 
preserved exsolution lamellae in these pyroxenes, though weakly deformed, are not 
strongly overprinted by the Si fabric it is considered that exsolution post-dated Di 
and hence that the reintegrated pyroxenes were stable in Di-Mi. Late-Di and post-
Dl recrystallisation of pyroxene produced the observed neoblast clusters and trails. 
These may have formed at temperatures in the range 700-600°C according to the 
isotherms of Lindsley (1983), although these must be regarded as minima given the 
propensity for the pyroxenes to re-equilibrate down-temperature. 
Three alternative descriptions of the temperature-composition relations in ternary 
feldspars have been applied to calculate minimum temperatures ofDi-Mi based on 
reintegrated grain compositions in VH207B and VH208. The thermometer of Elkins 
& Grove (1990) yields the highest temperature estimates, at 805-865°C for \TH208 
and 890-910°C for VH207B (figure 3.16). The Fuhrman & Lindsley (1988) 
thermometer yields temperatures of 830-880°C for VH208 and 860-890°C for 
VH207B. Lastly, the Lindsley & Nekvasil (1989) thermometer yields estimates of 
790-840°C (VH208) and 830-870°C (VH207B). In all cases the Or-richer ternary 
feldspar in VH207B provides the highest minimum-temperature conditions for Dl 
and hence suggests peak metamorphism at T > 860±30°C. This minimum 
temperature is consistent with those calculated from the meta-ironstone (VH543) and 
is, moreover, also consistent with temperatures estimated by Harley (1993) from the 
Taynaya Paragneiss. 
Calculation of the peak conditions of the main metamorphic event (Di-Mi) was also 
attempted using the composition of the least retrogressed parts of garnet 1 together 
with the most Al-rich pyroxene 1 core in the garnet-orthopyroxene-plagioclase gneiss 
VH546A and VH546C (figure 5.1). In this case the temperatures were estimated 
using garnet-orthopyroxene Fe-Mg exchange thermometry (Harley, 1 984a; Lee & 
Ganguly, 1988; Ganguly et al., 1996) and orthopyroxene Al-thermometry (Harley & 
Green, 1982; Aranovich & Berman, 1997). Pressures were estimated using 
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formulations of the Fe-system garnet-orthopyroxene-plagioclase-quartz barometer 
(GAFS: Bohien et al., 1983; Essene, 1988; Moecher et al., 1988), the Mg-system 
garnet-orthopyroxene-plagioclase-quartz barometer (GAES: Perkins & Newton, 
1981; Essene, 1988; Eckert et al., 1991), and the Al-in-orthopyroxene formulation of 
Harley (1984). The results are summarised in table 5.1 and figure 5.1. Temperatures 
and pressures estimated using the core compositions, uncorrected for the later effects 
of any Fe-Mg exchange, range widely between 630-884 °C and 5.5-14.0 kb (figure 
5.1). Such a scatter in the estimates most likely reflects the high iron content of the 
samples, which is outside the calibration ranges of most of the thermobarometers, 
and intense retrograde cation exchange (e.g. Frost & Chacko, 1989; Fitzsimons & 
Harley, 1994). A notable feature of the data, apparent from figure 5.1 and table 5.1, 
is that the Grt-Opx Fe-Mg temperatures are very low compared with other methods 
(<630°C cf 700-750°C) and that the pressures calculated using the Harley (1984) 
barometer are also anomalously low. This feature is symptomatic of the effects of 
late Fe-Mg exchange, as recognised and described by Fitzsimons & Harley (1994) 
and Pattison & Begin (1994), and can be corrected for using their retrieval methods. 
In order to obtain improved pressures estimates, the temperatures constrained from 
pyroxene and feldspar thermometry have been assumed to represent the peak or near-
peak conditions under which gamet-orthopyroxene Al equilibrium was attained but 
following which both phases re-equilibrated in their Fe-Mg compositions. The XMg 
values of each phase have been recalculated so that the garnet-orthopyroxene Fe-Mg 
thermometers (Harley, 1984; Lee & Ganguly, 1988; Ganguly et al., 1996) retrieve 
temperatures in the range 840-910°C. The revised garnet and orthopyroxene XMg 
values have then been inputted, along with the original Al content of orthopyroxene, 
into the barometer formulations and revised pressures estimated. These 'retrieved' 
pressures and temperatures are depicted on figure 5.1. It is notable that the Al-
thermometers of Harley & Green (1982) and Aranovich & Berman (1997) both 
translate up-temperature to be consistent with the Fe-Mg thermometry, and that the 
agreement between different versions of the GAFS and GAES barometers (and the 
method of Harley (1984)) is improved. For samples VH208 and VH207B the 
retrieved P-T estimates obtained using this approach converge and are in the range 
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7.6±1.2 kb at 860±30°C (figure 5.2). Retrieval methods do not result in convergent 
P-T estimates for VH546A and VH546C, samples in which the Al-in-orthopyroxene 
thermometers yield lower temperatures than the Fe-Mg exchange methods. In this 
Ca-richer sample the GAFS and GAES barometer formulations also constrain 
pressures to be in the range 7.6±1.2 kb at the metamorphic peak. These pressure 
estimates lie at the high end of the range defined by Harley (1993) from the Taynaya 
Paragneiss (<8.5 kb) and hence are consistent with those earlier estimates. 
The occurrence of sillimanite as the stable aluminosilicate polymorph in the Chehiok 
and Taynaya paragneisses provides only a weak constraint on pressures, at <11 kb at 
860±30°C. However, calculations on the assemblage spinel + sillimanite + garnet + 
corundum in the Fe2 0-A1203-Si02 (FAS) system using the internally consistent 
thermodynamic data set of Holland & Powell (1998) allows a tighter pressure 
constraint to be applied for the aluminous pelites. In this case the reaction: 
3Hrc+3SillA1m+5Crn 	 (1) 
has been modelled for the mineral compositions in VH552 using activity-
composition relations of Holland and Powell (1998). Based on these data, the peak 
assemblage is calculated to have formed at 7.8-9.1 kb for temperatures of 860±30°C 
(table 5.1), broadly consistent with the results summarised above for the garnet-
orthopyroxene gneisses. 
5.3 POST-PEAK GARNET FORMATION AND RETROGRADE P-T 
CONDITIONS 
Retrograde metamorphic conditions associated with garnet growth in VH546A and 
VH546C were calculated using the composition of symplectitic gamet 2b together 
with the composition of the adjacent orthopyroxene rims (figure 5.1). This procedure 
yielded a large spread in calculated P-T conditions, dependent both on method (e.g. 
Fe-Mg exchange thermometry) and calibration (e.g. Harley (1984) versus Lee & 
Ganguly (1988)). Extensive Fe-Mg re-equilibration is indicated by the low garnet-
orthopyroxene Fe-Mg exchange temperatures, which lie in the range 520-630 °C 
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(figure 5.1). Al-in-orthopyroxene thermometers (Harley & Green, 1982; Aranovich 
& Berman, 1997) also yield low temperature estimates, 540-660 °C, that are likely to 
have been influenced by Fe-Mg exchange. It also should be recognised that the Al-
in-orthopyroxene temperature estimates are subject to large uncertainties in this case 
because of the low Al contents (X AI = 0.019-0.014) of the analysed orthopyroxenes. 
Given these uncertainties, the estimate of 600-660 °C obtained from the Aranovich & 
Berman (1997) thermometer is used here as the best indicatorof the temperatures of 
formation of garnet2b. 
Pressures of garnet corona and symplectite formation were estimated using garnet-
orthopyroxene-plagioclase-quartz barometers calibrated in the Fe-system (GAFS: 
Bohlen et al., 1983; Essene, 1989; Moecher et al., 1988) and the Mg-system (GAES: 
Perkins & Newton, 1981; Essene, 1989; Eckert et al., 1991). The results of these 
calculations are summarised in table 5.1 and depicted in figure 5.1. There is a large 
spread in pressures calculated at 600-650°C, from 8 to 3.4 kb (average 5.7±2.3 kb). 
This spread is calibration and formulation dependent, with the Fe-system barometers 
(PGAFS and PBWB) yielding higher pressures than the Mg-system barometers PPN 
(Perkins & Newton, 1981) and PE9I  (Eckert et al., 1991). The GAES barometer of 
Moecher et al. (1988) lies between the extremes and yields similar pressures to PBWB 
(Bohien, Wall & Boettcher, 1983). Correction of the mineral compositions for Fe-
Mg exchange generally has the effect of increasing PPN, PGAES and PE9I  and of 
decreasing PGAFS and PBWB (Fitzsimons & Harley, 1994), leading to convergence at 
retrieved pressures P ~! initial PGAES  (e.g. VH207B, VH208). On this basis, and 
allowing for only a minor amount of Fe-Mg readjustment, pressures of corona 
formation are estimated as 6.0±1.0 kb at 600-660°C. 
5.4 CONCLUSIONS OF THERMOBAROMETRY 
The results of thermobarometry presented in sections 5.2 and 5.3 above are 
summarised in table 5.2 and combined in figure 5.3 to produce a summary P-T path 
for the Vestfold Hills gneiss terrane over the time interval 2520-2500 Ma (Di-Mi) to 
2475 Ma (post D2-M2). The P-T conditions of D2-M2 are not tightly constrained by 
the data presented here, as the only S2 fabrics recognised are the 600-650°C 
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pyroxene recrystallisation seams in VH546A that are then overprinted by the garnet 
coronas which formed at 6.0±1.0 kb at 600-660°C. 
Lithology Event Temperature Pressure 
Gneiss MI 860±30°C 7.6±1.2 kb 
Gneiss Post-MI 600-700°C 6±1  kb 
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Figure 5.3: P-T path for the Vestfold Hills. 1) P-T box for peak Ml conditions. 2) P-T box for post-
Ml corresponding to the formation of retrograde garnet 2-quartz symplectites in VH546A and 
VH546C. 3) P-T conditions at 2475 Ma. Continuous black line is a simple hypothetical P-T-path, 
while broken grey line is an alternative path. 
The post-peak P-T path traverses from 7.6±1.2 kb and 860±30°C at ca. 2500 Ma to 
6.0±1.0 kb and 630±30°C by 2480 Ma. Hence, the end-Archaean P-T path for the 
Vestfold Hills is characterised by an initial phase of near-isobaric cooling (IBC), 
through 230±60°C at pressures of 8-6 kb. The pressure and temperature uncertainties 
on this path are relatively large, so that the dlP/dT gradient of the simplest possible 
path (i.e. not a punctuated P-T history with D2-M2 causing a P-T excursion) is 6-7 
bars/°C. 
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D2-M2, which is inferred to have progressed at temperatures similar to or greater 
than those obtained from the coronas, involved regional-scale refolding and 
interleaving of pre-D2 lithologies and the broadly syn-D2 Crooked Lake Gneiss 
Group that make up much of the Vestfold Hills (Snape et al., 1997). This 
deformation almost undoubtedly led to thickening, and hence a pressure as well as 
temperature excursion in the post-Di P-T path, as indicated by the dashed alternative 
P-T path shown on 5.3. 
Evidence of brittle structures and localised contact alteration on 2475 Ma cross-
cutting late- and post-CLG dykes (Black et al., 1991; Snape et al., 1987) together 
with crystallisation depth estimates from the earliest suites of mafic dykes (Seitz, 
1994) indicate that the Vestfold Hills gneisses were at shallow crustal pressures (2-3 
kb) soon after 2480 Ma. Thus, it appears that an initial period of mid- to deep-crustal 
residence from ca. 2520 Ma to 2480 Ma was followed by rapid exhumation from 
6.0±1.0 kb and 630±30°C to 2-3 kb and significantly lower temperatures by 2475 
Ma,' consistent with the proposals of Harley (1994) and Seitz (1994). 
Complementary petrological and mineralogical evidence bearing on the chemical 
processes that affected the gneisses of the Vestfold Hills during their deep- to mid-
crustal residence phase, prior to rapid cooling and exhumation in the early 
Palaeoproterozoic, is presented in the following chapters, followed in the final 
chapter by a synthesis of the metamorphic history of the Vestfold Hills that 
incorporates all the relevant data and lines of evidence from this work and previous 
studies. 
100 
Chapter 6 	 Record of assemblage development in the calcsilicates 
Chapter Six 
Record of assemblage development 
in the calcsilicates 
101 
Chapter 6 	 Record of assemblage development in the calcsilicates 
6 Record of assemblage development in the calcsilicates 
6.1 INTRODUCTION 
This chapter deals with the mineral assemblage and textural analysis of calcsilicates. 
Section 6.2 is simply introductory and presents a brief historical review on the use of 
calcsilicates in petrology. Section 6.3 describes how petrogenetic grids and 
compatibility phase diagrams can be used to evaluate pressure, temperature and fluid 
conditions during metamorphism. It discusses the origin of metamorphic fluids and 
how different fluid sources can result in different fluid paths. The evolution of 
calcsilicate textures in the Vestfold Hills is described in section 6.4, followed in 
section 6.5 by the description of the textural evidence for fluid infiltration in the 
country rocks such as pelites and felsic gneiss. 
6.2 HISTORICAL BACKGROUND ON THE USE OF 
CALCSILICATES 
Although calcsilicates constitute only a minor component of high grade metamorphic 
terrains they contain mineral assemblages and reaction textures that can be very 
useful to constrain metamorphic histories. The potential of calcsilicates as indicators 
of P-T-fluid evolution has been long recognized and was initially considered only 
from a qualitative point of view due to the lack of experimental and thermodynamic 
data (eg. Drever, 1939; Hapuarachchi, 1968; White, 1959). Once these data become 
available a more rigorous treatment was possible thanks to the use of reaction grids 
based on pure end member phase in simplified chemical systems such as the CASV 
system (eg. Schenk, 1984; Warren et a!, 1987; Motoyoshi et a!, 1991). However, 
minerals involved in reactions are rarely pure phases and therefore a strict 
application of these grids had an inherent degree of approximation that increases as 
the gap between real mineral compositions and pure end-members widens. 
In order to minimize the difference between ideal systems and real ones a different 
approach was adopted by Harley and Buick (1991) and sequentially applied by other 
authors (eg: Harley et al, 1994; Fitzsimons and Harley, 1994; Cartwright and Buick, 
1995; Bhowmik et al, 1995; Sengupta et a!, 1997; Cartwright and Buick, 2000). This 
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approach consists in the construction of activity-corrected grids for each mineral 
assemblage using internally consistent data sets (e.g. Holland and Powell 1998) and 
reduced activities for mineral phases. In these grids phase activities are calculated 
from real mineral compositions using appropriate solid solution models, so that 
activities have reduced values in order to account for the deviation between real 
mineral composition and ideal pure phase. Reaction bundles (pseudo-invariant point) 
and reaction curves (pseudo-univariant lines) in reduced-activity grids may have a 
different topology from petrogenetic grids constructed using unit activities. 
Moreover, activity-corrected grids are only valid for the assemblage considered at 
their particular mineral compositions and over a limited P-T or P-T-x range close to 
the conditions of mineral equilibration. Activity-corrected grids are considered to be 
closer to the real system with respect to conventional grids but have an important 
limitation that has to be fully appreciated before being applied. Limitations and 
applications of activity-reduced grids will be discussed in section 8.3. 
6.3 USE OF CALCSILICATES TO INFER METAMORPHIC P-T- 
FLUID CONDITIONS 
Calcsilicate textures can be interpreted in terms of temperature, pressure and fluid 
evolution using isobaric T-aCO2 or isothermal P-aCO2 grids for simplified chemical 
systems such as the CASV system. The CASV system is considered to be a good 
approximation to reality for Ca-rich lithologies and therefore it will be used in this 
work. All the grids presented in this work were calculated using the program 
Thermocalc (Holland and Powell, 1998). An example of isobaric T-aCO 2 diagrams 
for two different pressures of 10 and 7kb is presented in figure 5.1 together with an 
isothermal P-aCO 2 diagram. T-aCO 2 diagrams are constructed for a CASV system 
using unit activities for the phases Me, Wo, An, Grs, Qtz, Cc, H 20 and CO2 which 
are relevant to this work and the reactions involved are listed in table 6.1. The P-
aCO2 grid is constructed considering only the phases involved in the [Wo Me] 
invariant point. There are two main types of reactions, which have different topology 
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Fluid-absent reactions, which are reaction (8) and (9), are insensitive to fluid 
composition and are represented by horizontal line in a T-aCO2 or P-aCO 2 space. 
Fluid-absent reactions can therefore be used in a T-aCO 2 space to obtain 
temperature constraint once there is an independent pressure estimate and to 
obtain pressure constrains in a P-aCO2 once there is an independent temperature 
estimate. 
Fluid-present reactions, which include all the rest, are represented by curved lines 
and therefore can be used to constrain fluid composition once there is an 
independent temperature estimate in a T-aCO 2 diagram or an independent 
pressure estimate in a P-aCO 2 diagram. 
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Figure 6.1: a) T-aCO 2  grid at 10kb for the phases wollastonite, meionite, grossular, clinozoisite, 
anorthite, calcite, quartz, H 20 and CO2 in the CASV system. All phases are at unit activity. b) 
Enlargement of part of figure 1 a. White dots are the positions of the invariant points at 10kb while 
grey dots represent the positions of the invariant points at 9kb. c) T-aCO 2 grid at 7kb for the phases 
wollastomte, meionite, grossular, clinozoisite, anorthite, calcite, quartz and vapour in the CASV 
system. d) P-aCO2 grid at 700°C for the phases clinozoisite, anorthite, grossular, calcite, quartz, H 20 
and CO2  involved in the [Me Wo] invariant point in a CASV system. Grey area is the grossular 
stability field while area with dots is the clinozoisite stability field. 
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Reactions Names Figures 
(I) 	quartz + calcite = wollastonite + CO2 (Me, Cz, Grs, An) 12, T4, T6 
meionite + H20 = 2 clinozoisite = CO2 (Wo, Grs, An, Cc,Qtz) T2, T6 
4 clinozoi site + quartz = 5 anorthite + grossular + 2 H20 (Me, Wo, Cc) T2, T4, T6 
3 anorthite + calcite + H20 = 2 clinozoisite CO2 (Me, Wo, Grs, Qtz,) T2, T4, T6 
2 clinozoisite + 3 quartz + 5 calcite = 3 grossular + 5 CO2 + H20 (Me, Wo, An) T6 
meionite + wollastonite = 2 anorthite + grossular + CO2 (Cz, Cc, Qtz) T2, T6 
2 meionite + quartz = 5 anorthite + grossular + 2 CO2 (Cz, Wo, Cc) TI, T2, T3, T6 
3 anorthite + calcite = meionite (Cz, Wo, Grs, Qtz, V) TI, T3 
grossular + quartz = anorthite + 2 wollastonite (Me, Cz,Cc, V) 12, T4, T6 
anorthite + wollastonite + calcite = grossular + CO2 (Me, Cz, Qtz) 
anorthite + quartz + 2 calcite = grossular + 2 CO2 (Me, Cz, Wo) TI, T3, T4 
meionite + quartz = 3 anorthite + wollastonite + CO2 (Cz, Grs, Cc) 12, 16 
(13)meionite + 5 wollastonite = 3 grossular + 2 quartz + CO2 (Cz, An, Cc) T2 
meionite + 3 wollastonite + 2 calcite = 3 grossular + 3 CO2 (Cz, An, Qtz) T2, 16 
meionite + 3 quartz + 5 calcite = 3 grossular + 6 CO2 (Cz, Wo, An) TI, 12, 13, 16 
Table 6.1: Calcsilicate reactions between meionite, clinozoisite, wollastomte, grossular, anorthite, 
calcite, quartz, H20 and CO2 in the system CaO-A1203-Si02-0O2 (CASV). Reactions are labelled 
using the phase-absent notation of Zen (1966), in bold are the phases missing at the invariant points. 
T-aCO2 diagrams for the CASV system with the phases of interest at unit activities 
can have two different topologies: a high-pressure one (figure 6.1a and 6.lb) and a 
low-pressure one (figure 6.1c). The effect of pressure on the topologies can be 
appreciated considering figure 6.1b which depicts the positions of the [Cc Cz], [Wo 
Cz] and [An Cz] invariant points at 10 and 9kb. It is important to note that at high-
pressures reaction (9) occurs at higher temperature than reaction (8). As pressure 
decreases the [Cc Cz] invariant point displaces towards lower temperature and higher 
aCO2 while [An Cz] point shifts towards lower temperature and lower aCO 2 . The 
[Wo Cz] point instead shows only a small decrease of temperature and a small 
increase of aCO2 with decreasing pressure. As a consequence the triangle of figure 
6. lb will progressively reduce in size and at around 8.4kb the grid will invert and 
reaction (9) will take place at lower temperature than reaction (8). A quick inspection 
of the two diagrams (figure 6.2 and 6.3) reveals some interesting information about 
the stability fields of single minerals and mineral assemblages. Meionite (figure 6.2a 
and 6.3 a) is stable only at high temperature over a wide range of fluid composition 
with the exception of very low aCO2 fluids and pressure changes have little effect on 
its stability field. At high pressure (figure 6.2b) clinozoisite is stable at low 
temperature over a wide fluid composition range with the exception of very CO 2-rich 
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fluids and as temperature increases its stability quickly narrows towards very low 
aCO2 fluids. At lower pressure (figure 6.3b) the clinozoisite stability field shifts 
towards lower temperature and lower aCO 2 . Anorthite and calcite coexist at 
temperature and aCO2 conditions intermediate between the meionite and clinozoisite 
stability fields (figure 6.2c and 6.3c) and lowering the pressure results in a 
stabilization of the assemblages at lower T and aCO 2. Wollastonite is stable at 
intermediate to pure H20 fluids at high temperature (figure 6.2d) while at low 
temperature it is stable only with very water-rich fluids. Any decrease of pressure 
will lead to an expansion of wollastonite stability field towards higher aCO 2 and 
lower T (figure 6.3d). Grossular is stable at low aCO 2 (figure 6.2e) and its stability 
field progressively narrows towards lower aCO2 at both low and very high 
temperature and as pressure drops its stability field contracts towards lower aCO 2 
(figure 6.3e). 
The effect of pressure changes on mineral stability can be better evaluated using 
isothermal P-aCO2 grids such as figure 6.1d. Clinozoisite stability is strongly 
pressure dependent and its stability field shifts towards lower aCO 2 as pressure 
decreases. On the contrary the stability field of grossular expands towards higher 
aCO2 as pressure decreases. Moreover, it should be highlighted that grossular occurs 
on the low-pressure side of the univariant reactions (5), (11) and (3) and therefore 
decompression can be an important factor in the formation of retrograde grossular-
rich garnet from clinozoisite- or anorthite-bearing assemblages. 
Before examining T-aCO2 and P-aCO2 grids it is important to point out that invariant 
points in these grids are univariant curves in P-T space, while univariant curves in T-
aCO2 and P-aCO2 grids corresponds to divariant fields in P-T space. 
Most of the reactions listed in table 6.1 involve a fluid phase and therefore chemical 
reactions in calcsilicates can be driven not only by changes in pressure and 
temperature but also by changes in fluid composition. Fluid composition during 
metamorphism evolves in response to two processes. These are the release andlor 
consumption of CO2 and H 20 by chemical reactions, and the infiltration of an 
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external fluid phase. In order to understand how reaction grids can be used to 
interpretate textures in terms of chemical reactions we will now consider three 
extreme situations in which metamorphic reactions can take place: 
metamorphism at constant fluid composition; 
metamorphic reactions driven by infiltration (external buffering); 
metamorphic reactions in a closed system (internal buffering). 
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Figure 6.2: T-aCO2 at 10kb grids for the phases wollastonite, meionite, grossular, clinozoisite, 
anorthite, calcite, quartz, H 20 and CO2 in the CASV system. a) Meionite stability field is shaded. b) 
Clinozoisite stability field is shaded. c) Anorthite+calcite stability field is shaded. d) Wollastonite 






4 tIE -U 




C 111) co 
"1 
	
1 	0 	0.2 	0.4 	0.6 	0.8 
aCO2 
7Ij 1 	1000e 	
(6) (14) 	 (12) 	7kb 
ou Grs 
862 
502 j 806 F Cz] \ 81 0  7~,, 1/5 
C 
0 	0.2 	0.4 	0.6 	0.8 
aCO2 




1 	(Grs CzI 8O2. 	
0 
800 G,, 	[Me Cz] 
if 
7.)r '\ 
x 	(4) 	An Cl. 
[M 
4 7~~ — —T-- - - 4 
Chapter 6 	 Record of assemblage development in the calcsilicates 
Figure 6.3: T-aCO2 at 7kb grids for the phases wollastomte, meionite, grossular, clmozoisite, 
anorthite, calcite, quartz, H 20 and CO2 in the CASV system. a) Meionite stability field is shaded. b) 
Clinozoisite stability field is shaded. c) Anorthite+calcite stability field is shaded. d) Wollastomte 
stability field is shaded. e) Grossular stability field is shaded. 
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6.3.1 Metamorphism at constant fluid composition 
T-aCO2 and P-aCO 2 diagrams can be used to predict the sequence of metamorphic 
assemblages that would be observed during changes in temperature or pressure at 
constant fluid composition. In figure 6.4 are marked two vertical lines (a and b) 
representing two hypothetical paths experienced by a rock during isobaric cooling at 
low aCO2 (a) and at high aCO2 (b). In figure 6.5 are depicted the phase diagram 
compatibility relations which would result from the two types of paths mentioned 
above considering a general bulk rock composition as in figure 6.6. 
0 	0.2 	0.4 	0.6 	0.8 	1 
aCO2 
Figure 6.4: T-aCO 2 grid at 10kb for the phases wollastonite, meionite, grossular, clinozoisite, 
anorthite, calcite, quartz, H 20 and CO2 in the CASV system. (a) and (b) are two isobanc cooling paths 
which progress at constant fluid composition. (c) and (d) are two isothermal paths driven by 
infiltration of a 11 20-rich fluid. 
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Figure 6.5: Phase diagrams topologies resulting from the two types of paths marked in figure 5.4 
considering a bulk rock composition of figure 5.6. 
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S 
Figure 6.6: Composition triangle for the CASV system showing the position of the minerals 
considered in the T-aCO2 and P-aCO 2 grids. The grey dot represents the bulk rock composition 
considered in all the grids. 
Let us now consider path (a). For the considered bulk rock composition the initial 
stable assemblage would be anorthite+meionite+grossular. As reaction (9) requires 
anorthite and wollastonite to react to produce quartz and garnet, this reaction would 
have no effect on the bulk rock composition considered here, and therefore the stable 
assemblage would still be anorthite+meionite+grossular. The intersection with 
reaction (8) will lead to the breakdown of meionite and the stable assemblage would 
become anorthite+calcite+grossular. 
Both reactions (9) and (8) are fluid absent and therefore they can supply a fluid-
independent temperature estimate for the reactions which are respectively of 93 5 °C 
and 865°C. Reaction (1) is a terminal reaction for wollastonite, which decomposes 
into quartz and calcite, but it will not be "seen" by the rock composition considered 
here. Clinozoisite would appear in the system once reaction (4) is encountered and 
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the stable assemblage would become anorthite+clinoziosite+grossular. The crossing 
of reaction (3) causes grossular and anorthite react to form clinozoisite and the stable 
assemblage will then be grossular+clinozoisite+quartz. Finally grossular will 
disappear from the system once reaction (5) is intersected leaving an assemblage 
composed of clinozoisite+quartz+calcite. 
Let us now consider path (b). The initial assemblage stable at high temperature is 
wollastonite+meionite+calcite. The intersection with reaction (1) will result in the 
disappearance of wollastonite leaving a stable assemblage meionite+calcite+quartz. 
The intersection with reaction (8) will cause meionite to disappear leaving an 
assemblage composed of anorthite+calcite+quartz. Finally climzoisite would appear 
once reaction (4) is intersected leaving an assemblage composed of 
clinozoisite+calcite+quartz. 
Once the two different paths are compared two conclusions may be drawn. The first 
is that grossular-bearing assemblages are completely lacking in path (b) and therefore 
the presence of grossular in one assemblage will exclude high aCO 2 conditions. A 
second conclusion is that even if the two paths evolve one at low (a) and the other at 
high aCO2 (b) in both of them the final assemblage is clinozoite+calcite+quartz: 
therefore this assemblage is an indicator of moderate temperatures but it is not 
sufficient to constrain fluid conditions. 
Figure 6.7 depicts a P-aCO 2 grid constructed considering the assemblages of the [Me 
Wo] invariant point. This grid can be useful in the interpretation of clinozoisite-
bearing calcsilicates that have experienced near isothermal decompression. 
Grsossular and clinozoisite stability fields are marked on the grid. Three paths (a, b 
and c) are indicated in figure 6.7 for progressively more aCO 2-rich conditions while 
in figure 6.8 are indicated the three possible resulting CASV compatibility diagram 
relations. 
Let us now consider path (a). The stable high-pressure assemblage is 
clinzoisite+quartz+calcite for the selected bulk rock composition. When reaction (5) 
is intersected grossular will appear and the stable assemblage will be 
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clinozoisite+grossular+quartz. The intersection with reaction (3) will lead to the 
formation of grossular+anorthite and the stable assemblage would be 
clinozoisite+grossular+anorthite. Finally when reaction (4) is encountered 
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Figure 6.7: P-aCO 2 grid at 700°C for the phases clinozoisite, anorthite, grossular, calcite, quartz, H 20 
and CO2 involved in the [Me Wo] invariant point in a CASV system. (a), (b) and (c) are three 
ipotetical isothermal cooling paths at constant fluid composition. Shaded area is grossular stability 
field while area with dots is the clinozoisite stability field. 
Path (b). The initial assemblage is clinozoisite+calcite+quartz and clinozoisite will 
decompose to anorthite+calcite when reaction (4) is intersected leaving a stable 
assemblage of anorthite+calcite+quatz. Grossular will appear in the system only once 
reaction (11) is intersected leaving a stable assemblage composed of 
anorthite+grossular+calcite. Grossular is therefore relegated to low temperatures. 
In path (c) the initial assemblage is once again composed of 
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decompression is the decomposition of clinozoisite leaving an assemblage of 
anothite+calcite+quartz. In the first two paths at low aCO 2 grossular is formed during 
decompression whilst at higher aCO2 grossular is not formed any more indicating 
that grossular-present assemblages rule out high aCO 2 and that decompression may 
be a very important factor for the formation of grossular-bearing assemblages. 
Metamorphism at constant fluid composition is more a theoretical situation than real 
one since fluid composition will tend to evolve as metamorphic reactions liberate 
fluids or as fluid infiltrates from the external rocks. 
[c (4) CRz 
A Ce AA 
Figure 6.8: Compatibility diagrams for path (a), (b) and (c) of figure 5.7. 
6.3.2 Metamorphism driven by infiltration 
A very common process, which drives metamorphic reactions in calcsilicates, is the 
infiltration by externaifluids. Situations in which this process has operated have been 
recognised for a long time (Ferry, 1976) with the infiltrating fluids recognised to be 
of either metamorphic or magmatic origin. H 20-rich metamorphic fluids originate 
form the dehydration of rocks such as pelites, and the released fluids can infiltrate the 
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surrounding calcsilicates and drive decarbonation reactions. This process is 
particularly efficient when calcsilicates occur as small horizons or boudins within 
pelites and therefore no large volumes of fluids are required to trigger reactions in 
the calcsilicates. Progressive crystallisation of magma also commonly releases H20-
rich fluids that may infiltrate in the surrounding calcsilicates and in some cases lead 
to the formation of skarms. 
When an H20 fluid infiltrates a rock the fluid composition of the rock will 
progressively change towards more 11 20-rich compositions. If this process takes 
place at constant temperature or pressure it is possible to predict the sequence of 
reactions by drawing isothermal or isobaric lines on a reaction grid (figure 6.4 paths 
c and d). It is worth pointing out that in these grids grossular lies on the low aCO 2 
side of the univariant reactions and therefore the infiltration of H 20-rich fluids is 
likely to result in the production of grossular in rocks of suitable composition. Only 
in reaction (3) does grossular form on the high aCO 2 side of the univariant curves in 
both T-aCO2 and P-aCO 2 grids. The position of grossular indicates that the formation 
of retrograde grossular+anorthite on clinozoisite+quartz cannot be the result of 
isothermal infiltration but it is more likely to be the result of decompression. 
Let us now consider figure 6.4 in which arrows (c) and (d) represent two isothermal 
paths respectively at high and low temperature. The topologies of the phase diagrams 
resulting by the two paths are shown in figure 6.5 and it can be observed that garnet 
is commonly produced in rocks of suitable composition. 
6.3.3 Metamorphism in a closed system 
Calcsilicates follow more complex fluid paths when rock-assemblages behave as 
closed systems since the internal fluid evolves as reactions take place. In this 
situation the fluid is defined to be internally buffered and to understand how this 
process works let us now consider figure 6.9 where an internally-buffered system 
during cooling is depicted. The sequences of reaction that are intersected and the 
resulting phase diagram topologies for path (a) are illustrated in figure 6.10. Let us 
now consider an initial assemblage at 950°C at 10kb composed of 
anorthite+meionite+grossular which is in equilibrium with a fluid with aCO 2=0.07. 
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As temperature decreases reaction (9) will be intersected but it will have no effect on 
the wollastonite-absent assemblage considered here. The intersection with reaction 
(8) will cause meionite to break down leaving a stable assemblage composed of 
anorthite+calcite+grossular. Reaction (8) is fluid-absent and therefore fluid 
composition will remain unaffected. Once reaction (4) is intersected clinozoisite will 
start to form at the expense of anorthite and calcite. This reaction consumes H 20 and 
produces CO2 driving the resulting fluid towards higher aCO 2 . As temperature 
continues to drop and reaction (4) to progress the fluid composition will evolve 
following the univariant curve and will cross reaction (1), which will have no effect 
on the wollastonite-absent assemblage considered here. If cooling continues and 
neither anorthite nor calcite is completely consumed the [Me Wo] invariant point 
will be eventually reached and grossular will start being consumed as well. At the 
invariant point both reaction (4) and (5) will simultaneously progress and the fluid 
composition will be buffered until one of the phases grossular, anorthite or calcite is 
completely consumed. The path the fluid will follow from the invariant point 
depends upon which phase disappears first. If anorthite is consumed first then fluid 
will follow path (a) evolving along the univariant reaction (5), which is the anorthite-
absent reaction for the invariant point considered here, and once grossular is 
consumed the reaction will cease and cooling will take place at constant fluid 
composition. If grossular is consumed first then fluid will follow path (b) evolving 
along the univariant reaction (4), which is the grossular-absent reaction for the 
invariant point considered here and once either calcite or anorthite are eventually 
consumed the reaction will stop and cooling will occur at constant fluid composition. 
If calcite disappears together with grossular then the reactions will stop and cooling 
will take place at constant fluid composition following path (c). Whether path (a), (b) 
or (c) will be followed depends upon the relative abundance or mineral in the rock 
and therefore on its bulk rock composition. In all three paths (a, b and c) the final 
assemblage will be clinozoisite+quartz+calcite. However, what will differ in the 
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Figure 6.9: T-aCO 2 grid at 10kb for the phases wollastonite, meionite, grossular, clinozoisite, 
anorthite, calcite, quartz, H 20 and CO2 in the CASV system. All phases are at unit activity. Arrows a, 
b and c indicate three possible internally buffered paths followed during cooling. 
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Figure 6.10: Compatibility diagrams for path (a, band c) of figure 5.9. 
6.4 PETROGRAPHY OF THE CALCSILICATES OF THE 
VESTFOLD HILLS 
6.4.1 Introduction 
This chapter describes the original textures of calcsilicates of the Vestfolds Hills. Six 
prograde assemblages are distinguished (table 6.2) on the base of their mineralogy. 
Prograde assemblages display a coarse grain polygonal granoblastic or foliated 
texture and are considered to have formed at peak metamorphic conditions. On the 
contrary, retrograde metamorphism is considered to be responsible only for the 
coronite-style or vein-type reaction transformations. Textural descriptions of the six 
mineral assemblages refer to a set of six sketches, which summarise the textural 
evolution of each initial granoblastic assemblage. 
All prograde assemblages contain clinopyroxene while other minerals can be 
scapolite, plagioclase, calcite and garnet. There is no prograde quartz. Titarnte is a 
ubiquitous accessory phase. Grains have a dimension of 0.2-3mm and they are 
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arranged to form either polygonal granoblastic textures (Ti, T4, T5, and T6) or 
foliated granoblastic textures (T2 and T3). Foliations are defined by the dimensional 
preferred orientation of mineral grains and by the modal variation of scapolite, 
garnet, plagioclase and clinopyroxene. The analysed specimens can be divided into 
three main categories according to the occurrence of polygonal scapolite with respect 
to plagioclase and clinozoisite. 
Texture Sample 
	
Polygonal assemblages 	Retrograde texture and 
their relative chronology 
Initial polygonal 
	
for each assemblage 
assemblages 
ti 	 t2 
Ti 	VH437-4 	 Px-Grt-Scp-Cc-Ttn 	 h 	 b 
VH439-1 1 
T2 	VH1 	 Px-Sc-Cc-Ttn 	 c 	 j 
T3 	VH526 	 Px-Grt-Pl-Scp-Ttn 	 a 	 e, f 
T4 	VH438-1 1 	Px-Grt-Pl-Ttn 	 g 
T5 	VH484 	 Px-Pl-Ttn 
T6 	VH483 	 Px-Cz-Ttn 	 d 
Explanation of textures: 
a, anorthite-calcite symplectites replacing scapolite; b, anothite-orthocl ase-cal cite symplectites between scapolite 
and calcite; c, clinozoisite replacing scapolite; d, scapolite veins; e, garnet-albite-calcite-bearing microfractures 
intersecting polygonal assemblage; f, garnet-calcite symplectites between clynopyroxene and scapolite or 
plagioclase; g, garnet-clinopyroxene-clinozoisite-calcite veins intersecting polygonal assemblage; h, curvilinear 
garnet among clinopyroxene, scapolite and calcite; i, skeletal garnet-anorthite intergrowths replacing clinozoisite 
at the contact with calcite-quartz veins; j, garnet rims between clinozoiste or scapolite and calcite-quartz veins; 
Table 6.2: assemblages and reaction textures in the calcsilicates. 
6.4.2 Scapolite-bearing, plagioclase-absent polygonal textures (Ti and T2) 
6.4.2.1 Ti (VH437-4 VH439-1 1) 
Texture Ti is composed of a polygonal granoblasic assemblage (0.5-1 cm) of 
clinopyroxene, scapolite, calcite, garnet 1 and titanite (figure 6.11 and 6.12a). 
Plagioclase (anorthite) rims with calcite blebs and Ba-rich K-feldspar larnellae occur 
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between coarse calcite and scapolite (figure 6.12c). Calcite is absent in some 
symplectites. Both scapolite and calcite show corroded contacts with the plagioclase-
calcite-K-feldspar intergrowths indicating that both coarse grains were consumed 
during the formation of the symplectites. Secondary garnet 2 occurs as thin curvilinear 
rim among coarse pyroxene, scapolite, garnet 1 and calcite (figure 6.12b). 
rf 








Figure 6.11: TI polygonal granoblastic texture composed of clinopyroxene + scapolite + calcite + 
garnet1 + titanite. Scapolite in contact with calcite is replaced by intergrowths of plagioclase 
(anorthite) rims hosting Ba-rich K-feldspar lamellae and calcite blebs. Retrograde garnet2 occurs as 
curvilinear rims among scapolite, clinopyroxene, and calcite. Small case letters correspond to the 
photos of figure 6.12. 
6.4.2.2 T2 (VHI) 
The texture T5 is composed of a granoblastic assemblage of clinopyroxene, 
scapolite, calcite and titanite 1 with a weak foliation defined by the preferred 
orientation of scapolite and pyroxene (figure 6.13). Clinoyroxene and scapolite have 
a 0.5-1cm-scale size while calcite is sub-millimetric. Clinozoisite patches hosting 
amoeboid newly formed titanite 2 and partially resorbed pyroxene and scapolite 
grains replace the initial polygonal texture. Outside the patches clinozoisite occurs as 
randomly oriented prismatic grains with calcite inclusions (figure 6.14a). Both 
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polygonal and patchy clinozoisite displays well-defined pistacite-rich cores. Quartz 
occurs as intergranular amoeboid films among coarse grains (figure 6.14a) and both 
scapolite and clinozoisite are resorbed at the contact with quartz. Veins composed of 
granoblasic quartz and calcite intersect the pre-existing grains (figure 6.14b). Those 
veins have a thickness ranging from few millimetres to 1-centimetre. Garnet is not an 
initial phase and occurs as irregular rims or patches along the external part of the 
veins replacing both scapolite and clinozoisite. Two generations of garnet can be 
recognised: an earlier pale brown grossular-rich gamet I occurs as patches with a 
leopard-skin zoning while a later generation of grossular-poor orange coloured 








Figure 6.12: a) Polygonal granoblastic aggregate of clinopyroxene + scapolite + calcite + garnet 1 ± 
titanite (PPL). b: Curvilinear rim of garnet2 between scapolite and clinopyroxene and between 
scapolite and garnet 1 (BSEI ). c) Intergrowth of curvilinear plagioclase (anorthite) with calcite blebs 
and K-feldspar lamellae replaing scapolite at the contact with calcite. Note the corroded border of 
calcite at the contact wit h the symplectites (BSEI). 
* 
Back Scattered Electron Image 
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Figure 6.13: T2 polygonal texture of scapolite, clinopyroxene, calcite and titanitel (left) showing a 
weak E-W foliation defined by the dimensional preferred orientation of scapolite and clinopyroxene. 
Patches of clinozoisite with amoeboid titanite2 inclusions replace the initial polygonal assemblage 
(top-left). Outside the patch clinozoisite occurs as isolated or as group of grains with a random 
orientation within scapolite domains. Broken lines represent pistacite-rich cores. Garneti develops at 
the contact between calcite-quartz veins and replaces both the clinopyroxene-scapolite-calcite-
titanitel texture (bottom right) and the clinozoisite-titanite2 patches (upper right). Garneti is later 
replaced by rimming gamet. Small case letters correspond to the photos of figure 6.14. 
r: Ttn Cc 
cc 
C c, 	P x 96 
Grt- 
-tI1II!ffiI 
Figure 6.14: a) Randomly oriented polygonal clinozoisite grains replacing scapolite. Note the 
inclusion of calcite in the clinozoisite grain in the centre of the photo. Quartz occurs as an 
intergranular film replacing clinozoisite and scapolite (BSEI). b) Garnet2 rims replacing corroded 
garnetl at the contact with quartz-calcite veins (BSEI). 
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6.4.3 Scapolite-bearing, plagioclase-bearing polygonal textures (VH526) 
T3 VH526 
Assemblage T3 (figure 6.15) is composed of a foliated granoblastic aggregate of 
internally deformed clinopyroxene, scapolite, garnet 1 , plagioclase 1 and titanite. The 
foliation is defined both by the dimensional preferred orientation and by the modal 
variation of the mineral grains which gives the rock a 1mm to I cmm-scale layered 
appearance with garnet-rich, pyroxene-rich, scapolite-nch or plagioclase 1 b-flch  bands 
(figure 6.16a). 
GrL+Cc+PI: 
Figure 6.15: Foliated granoblastic T3 texture defined by the dimensional preferred orientation of 
clinopyroxene, scapolite, plagioclase, garnetl and titanite (left). Symplectites of plagioclasel a  and 
calcite blebs replaced scapolite grains. Note the presence of calcite blebs and of resorbed scapolite 
grains within the coarse p1agioc1ase. Garnet a-bearing veins together with calcite and albite (P12) 
replace both coarse grains and plagioclase i a-calcite symplectites around scapolite. Symplectites 
between calcite blebs and garnet2b formed around coarse clinopyroxene on contacts with scapolite, 
plagioclase 1 b or plagioc1ase. Garnet2b coronas together with rare calcite blebs rim coarse 
clinopyroxenes. Small case letters correspond to the images of figure 6.16. 
127 
Record of assemblage_development in the calcsilicates 
Scp 	 I 	 ftvi Scp 
I 	 " 
d f: 	GH. 
54 V 
- 	.: 	 •' 













Chapter 6 	 Record of assemblage development in the calcsilicates 
Figure 6.16: a) foliation defmed by the dimensional preferred orientation of clinopyroxene, scapolite 
and plagioclase lb.  Note the two types of scapolite (PPL). b): Intergrowth between plagioclase matrix 
and calcite blebs replacing a scapoliteb grain. Note the dark colour of the scapoliteb grain due to the 
abundance of opaque inclusions (PPL). c): Garnet-bearing vein together with calcite and albite (P12) 
intersects coarse mineral grains (BSEI). Gamet 2b-calcite symplectites form rims around coarse 
clinopyroxenes. d): Detail of a garnet a-bearing fracture intersecting a coarse clinopyroxene. 
Garnet2a, calcite and albite (P12) replace clinopyroxene (BSEI). e): Symplectites between curvilinear 
gamet2b and calcite blebs occur between clinopyroxene and scapoliteb (BSEI). 0: Symplectites of 
garnet2b with calcite blebs between clinopyroxene and plagioclase 1 (BSEI). g): Garnet2b rims 
between garnetl a  on contacts with scapolite. Note the presence of corroded scapolite inclusions 
between garnetl and garnet2b (BSEI). 
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Scapolite occurs as two types of grains mainly forming different scapolite-rich 
mineral layers. A first type of scapolite (Scpa)  is colourless and inclusion free while a 
second one (Scpb)  has a greyish colour due to the abundance of micrometric opaque 
inclusions. Plagioclase occurs both as granoblastic grains (plagioclaseb) and as 
plagioclase-calcite symplectites replacing scapolites (figure 6.16b). 
Plagioclase in the plagioclase i a-calcite symplectites is composed of deformed poly- 
crystalline grain aggregates with shapes ranging from prismatic idioblastic to 
xenoblastic. Most of the coarse polygonal plagioclaselb grains have inclusions of 
calcite blebs. The inclusions of calcite blebs in scapolites can be randomly dispersed 
throughout the grain, form coronas around resorbed scapolite inclusions or are 
concentrated at plagioclase-plagioclase I b or plagioclase-scapolite gain 
boundaries indicating that at least plagioclases containing calcite inclusions evolved 
through the breakdown of scapolite. A second generation of garnet forms either 
along micro-fractures (Grt2 a), which intersect both coarse minerals and plagioclase- 
calcite syinpiectites, or in coronas around coarse pyroxene and gametl grain 
boundaries (Grt2b) (figure 6.1 6c). Garnet-bearing micro-fractures are 1 OO-200p.m 
wide, they occur as different sets intersecting each other without dislocation and are 
undeformed. The vein setting indicates that garnet-bearing veins formed when the 
rock was no longer experiencing the plastic deformation responsible for the 
deformation of both polygonal grains and plagioclase-calcite symplectites around 
scaploite. Coarse minerals intersected by garnet-bearing micro-fractures are replaced 
by aggregates of garnet (Grt2 a), albite (P12) and calcite (Cc) (figure 6.1 6d). Coronitic 
garnet (Grt2b) occurs as thin curvilinear rims together with calcite blebs at the 
contact between pyroxenes and either scapolite (figure 6. 16e), plagioclase I a or 
plagioclase I b (figure 6.16f) and therefore post-dates the scapolite breakdown in this 
rock. The thickness of gamet2b rims is smaller than 20pm. Clinopyroxene displays 
corroded boundaries at the contact with garnet-calcite symplectites indicating that 
clinopyroxene was consumed during the formation of the secondary garnet. Gamet2b 
together as rare calcite blebs occurs as well as 20tm thick rims around gametl at the 
contact with scapolite (figure 6.16g), plagioclase I a and plagioclase. The boundary 
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between garnet i  and garnet2b is marked by the presence of corroded inclusions of 
scapolite or plagioclase. 
Secondary garnet2b coronas are concentrated along garnet-bearing fractures and 
garnet2b abundance progressively decreases until it disappears going farther away 
from the garnet2a fractures. The relationships between gamet2a and garnet 
indicate that both garnets were coeval and that the formation of corona-style 
garnet2b was catalysed by the presence of a fluid-bearing inter-granular phase 
infiltrating along the veins. 
6.4.4 Scapolite-absent, plagioclase- or clinozoisite-bearing polygonal textures 
(T4, T5 and T6) 
6.4.4.1 T4 (VH438-1 1) 
It is composed of a coarse grained (0.5-1 cm) aggregate of clinopyroxenel and 
plagioclase embodied into a large and continuous inter-granular rim of garnet i 
(figure 6.17, 6.18a and 6.18b). This rock shows the highest modal proportions of 
both clinopyroxene and garnet. Plagioclases as well as clinopyroxene 1 are 
extensively corroded (figure 6.1 8a and 6.1 8b) at the contact with garnetl indicating 
that both pyroxenel and plagioclase were consumed during the formation of garnet. 
Clinopyroxenel usually has a green colour but the most resorbed grains are almost 
colourless indicating depletion of iron during the formation of garnet. Garneti is 
therefore not an initial phase as clinopyroxenel and plagioclase but formed later. 
Other initial phases, such as calcite or quartz, might have been initially present and 
their original micro-structural sites have being completely replaced by large gamet 
areas. 
100-500J.tm scale calcite veins intersect coarse minerals. Along these micro-veins 
garnetl is replaced by garnet 2 (figure 6.1 8c) while clinopyroxene 2, clinozoisite, 
apatite, Fe-oxide and Fe-Cu-bearing sulphides such as pyrite and chalcopyrite 
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Figure 6.17: T4 granoblastic texture composed of corroded clinopyroxene 1 and plagioclase 
surrounded by a garnet 1 matrix. Note the embayed boundaries of clinopyroxene 1 and plagioclase 
mdicating resorption. Secondary garnet2 occurs together with clinopyroxene 2 , calcite, clinozoisite, 
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Figure 6.18: a) Inter-granular rim of garnet 1 at the contact between coarse plagioclase and 
clinopyroxene 1 (BSEI). b) Inter-granular rim of garnet1 at the contact between coarse plagioclase and 
clinopyroxene1. Note the embayed contacts between plagioclase and gamet 1 (BSEI). c) Garnet 2 
replacing garnet 1 along calcite-bearing veins (BSEI). d) A coarse grain of clinopyroxene is intersected 
by clinopyroxene 2+calcite+clinozoisite+pyrite+apatite-bearing veins (BSEI). 
6.4.4.2 T5 and T6 (VH484 and VH483) 
Texture T5 and T6 are part of a layered calcsilicate boudin embodied into the 
surrounding country rocks. Prograde assemblages and retrograde textural evolution 
of both calcsilicates and of the country rocks are summarised in figure 6.19. Figure 
6.19A depict the prograde initial polygoani assemblages while figure 6.19B-C show 
the retrograde textures affecting the initial grains. 
6.4.4.2.1 Prograde Textures 
Pelite embodying the calcsilicates of T5 and T6 are composed of biotite, plagioclase, 
garnet and ilmenite (1 in figure 6.19A). In the pelites a foliation is defined by the 
dimensional preferred orientation of biotite and albite-nch plagioclase. Two types of 
layer-parallel centimetre-scale thick bands can be distinguished in the calcsilicates. 
The layer that is closer to the country-rocks (T5, 2 in figure 6.1 9A) is composed of 
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an equigranular polygonal granoblastic assemblage of (Mg-rich) clinopyroxene, 
plagioclase (anorthite) and titanite. In some outcrops this band is not a calcsilicate 
but it has a gneiss composition with an albite-rich plagioclase (An 382Ab5661 ) and 
the oxide phase is ilmenite instead of titanite. The second band (T6, 3 in figure 
6.1 9A), that is farther form the country-rock, is constituted of granoblastic aggregate 
of clinopyroxene, clinozoisite and titanite. The transition between T5 and T6 texture 
takes place in a 1-3 millimetres wide area in which plagioclase sites are progressively 
replaced by clinozoisite (figure 6.20a). This progressive transition occurs only when 
T5 band is a calcsilicate. 
6.4.4.2.2 Retrograde textures 
1-2mm wide scapolite veins intersect both T5 and T6. Near the scapolite veins an 
inter-granular film of scapolite replaces coarse plagioclase, clinozoisite and 
clinopyroxene (figure 6.20b). Millimetre- to 1-centimetre scale granoblastic calcite-
quartz veins intersect the clinozoisite-clinopyroxene assemblage (figure 6.20c). 
Garnet occurs as patches at the contact with the veins. Farther away from the vein-
contact clinopyroxenes are replaced by amoeboid quartz aggregate, lobate calcite 
grains and are rimmed by garnet (figure 6.20d) while clinozoisite sites are replaced 
by large plagioclase (anorthite) areas hosting garnet lamellae (figure 6.20e). Garnet 
lamellae within plagioclase occur as two distinct geometric sets, which formed along 
clinozoiste cleavages (figure 6.1 9C and 6.20e). 
In the pelite biotite sites are replaced by irregularly shaped areas composed of an 
external rim of amphibole and an internal quartz matrix with amphibole inclusions, 
and eventually partially resorbed biotite (figure 6.21f and 6.21g). Quartz also forms 
coarse grains at contacts among coarse mineral grains (figure 6.210. A network of 
amphibole veins connects replaced biotite sites both along mineral grain boundaries 
and along micro-fractures. Garneti is rimmed by a composite mineral corona 
composed of an internal rim of grossular-richer gartnet 2 on contacts with garnet 
and an external rim of amphibole on contacts with plagioclase. Both garnet2 and 
amphibole contains intergrowths of radial elongated lamellae of quartz (figure 
6.21 h). 
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Figure 6.19: A) Prograde texture of a two-layer calcsilicate boudin in contact with a country rock. 1: 
garnet-bearing pelite. 2: texture T5 composed of a polygonal granoblastic assemblage of 
clinopyroxene + plagioclase + titanite. 3: texture T6 composed of granoblastic assemblage of 
clinopyroxene + clmozoisite + titanite. Broken lines represent pistacite-poorer cores. Note the 1-3 
millimetre transition zone between T5 and T6. Encircled small case letters correspond to the photos of 
figure 6.20 and 6.21. 
B) Sketch of mineral textures developing during retrograde metamorphism. Scapolite veins intersect 
both T5 and T6 assemblages. In T6 Intergrowths of skeletal garnet into a clinozoisite matrix replace 
clinozoisite at the contact with the calcite-quartz veins (bottom right). Clinopyroxene is replaced by 
intergrowth of arnoeboid quartz, blebby or lobate calcite and by garnet (right). In T5 clinopyroxene is 
replaced by coronas of amphibole + quartz, whilst in T6 garnet 2 + amphibole + quartz replaced 
garnet 1 . Encircled small case letters correspond to the photos of figure 6.20 and 6.21. 
C: Magnified view of a clinozoisite area (left) showing the orientation of clinozoisite cleavages. 
Original clinozoisite sites are replaced by garnet + anorthite symplectites (right). Garnet preferentially 
forms along clinozoisite cleavages and grain boundaries. 
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Figure 6.20: a) Transition between texture T5 (top) and T6 (bottom). b) T6 granoblastic assemblage 
of cimopyroxene + clinozoisite + titanite near a scapolite vein. Note the darker pistacite-rich core of 
clmozoisite grains. Clinopyroxene, clinozoisite and titanite grains are partially resorbed by inter-
granular scapolite. c) granoblastic assemblage of quartz and calcite in the quartz-calcite veins. d) 
Clinopyroxenes are replaced by amoeboid quartz aggregate, lobate calcite grains and are rimmed by 
garnet. e) Symplectites of garnet lamellae in a matrix of plagioclase (anorthite). Note the N-S and E-
W trend of the garnet lamellae, which preferentially developed along the two sets of cleavages of an 
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Figure 6.21: f) Large-scale texture overview of partially replaced biotite-plagioclase-garnet 1 -ilmemte 
schist. Amphibole and quartz replaced the original biotite sites. Note the network of amphibole veins 
irradiating from the replaced biotite sites and the newly formed coarse to lobate quartz grains near the 
original biotite sites. g) Magnified view of a replaced biotite site. Quartz matrix with amphibole 
inclusions and a partially resorbed biotite now replace an original biotite site. Note the amphibole-
bearing micro-fractures in the surrounding plagioclase. h) Composite Garnet2-amphibole corona 
between gamet I and plagioclase 1.  Both gamet2 and amphibole have inclusions of radial lamellar 
quartz. i) Overview of clinopyroxene-plagioclase-ihnenite gneiss. Clmopyroxenes are rimmed by 
amphibole-quartz intergrowth. Plagioclase2 with quartz and amphibole intergrowth constitute a 
continuous rim along the grain boundaries. Note the coarse lobate quartz grains at the contact with 
clinopyroxene. j) A rim of green amphibole with blebby to lobate quartz inclusions replaced corroded 
pyroxenes. Irregularly shaped areas of dentritic quartz and isolate amphibole grains into a matrix of 
newly formed plagioclase2 occurs at the contact with the amphibole-quartz intergrowths. k) Higher 
magnification view of a replaced clinopyroxene. 1) Intergrowth between plagioclase, quartz and 
amphibole forms continuous rims along an original plagioclase 1  -plagioclase  1  grain boundary. Images 
are BSEI. 
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A two-layered mineral rim surrounds clinopyroxenes in the gneiss layers adjacent to 
the calcsilicates T6 (2 in figure 6.19A). Green amphibole with blobby to lobate 
quartz inclusions replaces corroded clinopyroxenes (figure 6.21i-j-k). Irregularly 
shaped areas consisting of intergrowths of dentritic quartz and isolated amphibole 
grains in a matrix of newly formed plagioclase 2 surrounds the amphibole-quartz rims 
on clinopyroxene. The intergrowths of plagioclase 2, quartz and rare amphibole form 
continuous rims along coarse grain boundaries (figure 6.2 11). Quartz also occurs as 
coarse lobate grains among granoblastic minerals (figure 6.21i). 
6.5 EVIDENCE FOR FLUID INFILTRATION AND SILICA 
METASOMATISM 
Section 6.4.4.2 described some retrograde mineral textures developed in the country 
rocks in contact with the calcsilicates of texture T6. These mineral textures display 
features consistent with fluid infiltration and silica metasomatism during retrograde 
metamorphism that will be respectively discussed in this section 6.5.1 and 6.5.2. 
6.5.1 Evidence for fluid infiltration 
The formation of amphibole as a retrograde hydrous phase either replacing 
anhydrous minerals such as clinopyroxene in the gneiss or growing in coronas 
together with garnet 2 in the p elites clearly requires the presence of H 20-rich fluid. In 
the pelites amphibole has not only replaced pre-existing mineral sites but forms an 
almost continuous network along mineral grain boundaries (figure 6.21a) indicating 
that its formation was controlled by the presence of a intergranular fluid phase. 
Moreover, the occurrence of amphibole-bearing microfractures attests to hydro 
fracturing occurring during amphibole development. 
6.5.2 Evidence for silica metasomatism 
Prograde quartz is absent in the initial textures of both the calcsilicates and of the 
country rocks at the contact with T6. Quartz instead occurs together with amphibole 
along grain boundaries and micro fractures in the pelites and together with 
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plagioclase2 along grain boundaries of the gneiss. Quartz is produced, during the 
process of amphibolitization of clinopyroxenes in the gneiss. However, quartz occurs 
together with amphibole and plagioclase2 along grain boundaries and fractures far 
away from the clinopyroxene sites indicate that quartz was partially removed from 
the original sites of formations by fluid phase. 
Finally it has to be noted that the retrograde textures described in 6.4.4.2 occurs only 
in those calcsilicates (T6) that are intersected by quartz-calcite veins. This latter 
observation indicates that the intrusion of quartz-calcite-bearing veins and the 
formation of amphibole- and quartz-bearing retrograde textures in the country rocks 
are related. 
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7 Mineral chemistry of the calcsilicates and selected gneiss 
Analytical techniques for mineral analysis and procedures used for the cations and 
end-members calculations are presented in appendix 2. A more comprehensive list of 
the analysis is provided in appendix 4. 
7.1 INTRODUCTION 
This section describes the mineral chemistry of the calcsilicates (section 7.2) 
described in section 6.4 and of selected gneisses (section 7.3) spatially related to the 
calcsilicates that were described in section 6.5. Particular attention is paid to the 
description of the compositional variation of garnet according to its chronology and 
microstructural positions (section 7.2.6). Formation of garnet in the calcsilicates is 
also modelled in the CaO-Fe 2 O-Fe3 2O3-SiO2-H2O-CO2 (CAFSV) system through 
the consumption of the esseneite and hedenbergite components of clinopyroxenes 




Epidote is a clinozoisite-pistacite solid solution with a pistacite content (Xp 5) 
ranging between 15 and 66% (figure 7.1 and table 7.1). Prograde polygonal grains in 
T6 (VH483) are strongly zoned and display a core to rim increase of pistacite content 
from 15 to 65%. Conversely, the retrograde clinozoisite of T2 (VH1) shows a core to 
rim decrease of pistacite content from 52 to 34%. Epidotes with the highest pistacite 
content of 66% occur in the retrograde veins crosscutting clinopyroxenes in T4 
(VH438-1 1). 
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•T2 (VH1) 	core Px-Scp-Cc 
0T2 (VH1) rim Px-Scp-Cc 
17T4 (VH438-11) vein Px1 -Grt-Pl 
*T6 (VH483) core Px-Cz 
0T6 (VH483) nm Px-Cz 
Figure 7.1: Plot of aluminium versus ferric iron for epidotes. Note the opposite core to rim zonings of 
VH1 and VH483. 
Rock type CALCSILICATE 
Phase  Epidote  
Texture T2 T4 T6 
Thin section VHI VH438-11 VH483 
Position Core Rim Vein Core Rim 
Si02 38.11 38.75 37.54 38.82 38.03 
1102 0.07 0.03 0.06 0.03 0.02 
A1203 27.02 29.45 25.05 30.46 25.02 
Cr203 0.03 0.01 0.09 0.03 0 
FeO 1 	7.97 5.28 9.79 3.27 9.66 
MnO 0.02 0.03 0.09 0.05 0.08 
MgO 0.03 0.03 0.04 0.01 0.02 
CaO 24.04 24.33 23.81 24.84 24.16 
Na20 0.01 0.02 0.01 0.03 0.03 
K20 0 0.01 0 0 0.01 
Total 97.3 97.94 96.48 97.54 97.21 
Si 5.948 5.957 5.945 5.959 5.972 
Al 4.969 5.335 4.675 5.512 4.665 
Fe3 1.039 0.679 1.296 0.419 1.269 
Cr 0.004 0.001 0.012 0.003 0.000 
11 0.009 0.003 0.008 0.003 0.002 
Mn 0.003 0.004 0.012 0.006 0.011 
Mg 0.006 0.007 0.010 0.003 0.005 
Ca 4.019 4.008 4.040 4.085 4.066 
Na 0.002 0.005 0.002 0.010 0.010 
K 0.001 0.002 0.001 0.000 0.001 
Total 16.000 16.000 16.000 16.0001 16.000 
%Ps 52.411 34.191 65.781 21.421 6479 
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7.2.2 Plagioclase 
Plagioclase occurs both as a prograde and retrograde phase (table 7.2). Prograde 
plagioclase in T3 (VH526), T4 (V11438-1 1) and T5 (VH484) is An9298Ab28  and 
generally exhibits a core to rim increase in anorthite content of 1-3 mole%. The 
composition of the retrograde plagioclase depends upon its micro-structural position. 
Where plagioclase occurs in the coronites replacing scapolite (Ti VH439-1 1 and 
VH437-4; T3, V11526) or in the symplectites replacing clinozoisite (T6, VH483) it 
has a composition of An93...97Ab57. In contrast, plagioclase in the gamet-bearing 
fractures of T6 (VH483) is albite-rich with a composition of An34Ab9697. 
7.2.3 K-feldspar 
K-feldspar occurs only in Ti (VH437-4) and has a composition of An1.5Ab5.. 























Rock type CALCSILICATE 	 I I 	PELITE 	I 	GNEISS 
Phase K-feldspar I Plagioclase  
Texture TI T3 T4 T5 T6 I 
Thin section VH437-4  VH526  VH4 8-11 VH484 VH483  VH483-7  
Position Sympl Sympl P1 Ia Plib Core Pllb  Rim P12 Vein P1 Core P1 Rim P1 1 Core P1 1 Rim Sympl P1 Core P1 Rim P1 1 Core P1 1 Rim P12 
Si02 60.77 43.86 43.89 43.5 43.9 69.14 43.74 43.19 43.94 44.60 43.14 58.15 57.34 57.94 57.23 47.96 
Ti02 0 0 0 0 0 0 0 0.02 0.01 0.02 0.02 0.00 0.01 0.00 0.00 0.01 
A1203 19.65 35.33 35.41 35.49 35.17 20.67 35.47 35.5 35.26 34.80 35.64 25.92 26.41 26.22 26.83 32.75 
Cr203 0 0.02 - 0.01 0.02 0  0 0.01 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 
FeO 0.011 0.08 0.08 0.27 0.11 0.29 0.31 0.21 0.23, 0.11 0.20 0.061 0.15 0.07 0.06 0.15 
MnO 0 0.01 0.02 0 0.03 0.01 0.03 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.02 0.01 
MgO 0.01 0.01 - 0.02 0.02 0.02 0.02 0.02 0.02 0.00 0.02 0.02 0.02 0.03 0.01 
CaO 0.44 19.55 19.52 19.65 19.42 0.29 19.62 19.71 19.74 18.99 20.14 8.00 8.56 8.17 8.75 16.22 
BaO 4.12 0 
Na20 0.57 0.6 0.55, 0.46 0.58 8.04 0.43 0.33 0.563 0.919 0.289 7.15 6.72 6.94 6.47 2.17 
K20 14.08 0.01 0.02 0.01 0.02 0.03 0.02 0.02 0.019 0.012 0.009 0.18 0.20 0.32 0.28 0.20 
otal 99.65 99.47 99.49 99.39 99.27 98.49 99.64 99.02 99.8081 99.468 99.463 99.50 99.43 99.68. 99.66 99.48 
Si 2.895 2.042 2.042 2.029 2.048 3.019 2.035 2.023 2.042 2.073 2.014 2.616 2.586 2.604 2.575 2.210 
Ti  0 0 0 0 0 0  0 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 
Al 1.103 1.939 1.942. 1.951 1.933 1.064 1.945 1.959 1.931 1.906 1.961 1.374 1.404 1.389 1.423 1.779 
Cr 0 0.00 0 - 0 0.001 0  0 0 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe 0.001 0.003 0.003 0.01 0.004 0.011 0.012 0.008 0.009. 0.004 0.008 0.002 0.006 0.002 0.002 0.006 
Mn 0 0 0.001 0 0.001 0 0.001 0 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 
Mg 0.001 0.001 0 0 0.001 0.001 0.002 0.001 0.002 0.001 0.000 0.001 0.001 0.001 0.002 0.001 
Ca 0.023 0.975 0.973 0.982 0.97 0.014 0.978 0.989 0.982 0.946 1.007 0.386 0.413 0.393 0.422 0.801 
Ba 0.077 0 - 
Na 0.053 0.054 0.051 0.042 0.053 0.681 0.039 0.03 0.051 0.083 0.026 0.623 0.588 0.60 64 0.5 0.194 
K 0.856 0.00 0.001 0.001 0.001 0.002 0.00 0.001 0.001 0.001 0.001 0.010 0.011 0.018 0.016 0.012 
Total 5.009 5.016 5.012 5.015 5.012 4.792 5.013 5.012 5.01 5.015 5.018 5.013 5.011 5.01 5.004 5.003 
Ab 5 _5 5 4 5 98 4 3  8 3 61 58 5 56 19 
An 2 95 95 96 95 2 96 97 9 92 97 38 41 3 42 80 
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7.2.4 Scapolite 
Scapolite has an equivalent anorthite (EqAn) content ranging between 82 and 46 (Me 
89-57) (figure 7.2 and table 7.3). Scapolite with the highest EqAn content is found in 
those rocks where polygonal scapolite grains coexist with prograde garnet (Ti, 
\rH437-4 and VH439-1 1; T3, VH526), whilst scapolites in veins display the lowest 
EqAn content (T6, VH483). Granoblastic scapolites are zoned with a core to rim 
decrease of EqAn in the range of 1 to 9 mole%. 
Chlorine content ranges between 0 and 0.53 (c.p.f.u.) (figure 7.3) and there is a 
correlation between the EqAn content and the chlorine content. The highest chlorine 
content is found in scapolite veins in T6 (VH483), which display the lowest EqAn, 
while the lowest chlorine content is found in the coarse scapolites with the highest 
EqAn content, a feature commonly observed in scapolites from other regions 
worldwide (Moecher and Essene, 1991; Harley et al., 1994). 
Sulphur is lower than 0.02 (c.p.f.u.). 
In texture T3 (VH 526) inclusion-free scapolites (Scp a) coexist with inclusion-rich 
scapolites (Scpb). Inclusions are too small to be analysed quantitatively but scanning 
electron microscope x-ray analysis indicates they are oxides (opaque minerals). 
Inclusion-free scapolites (Scp a) have an EqAn of 71-77, which is about 4 units lower 
than the coexisting inclusion-rich scapolites (EqAn 75-8 1). Moreover, inclusion-free 
scapolites (Scpa) have much lower chlorine contents compared with inclusion-rich 
scapolites. The observation of compositionally distinct inclusion-rich scapolites 
versus inclusion-poor scapolites is interesting. Inclusion-rich scapolites could have 
had a FeC12 component in them, released on oxidation to yield Fe 203 or Fe304 + Cl 
in scapolite. 
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ATI (VH437-4) Px-Grt-Scp-Cc 
T1 (VH439-1 1) Px-Grt-Scp-Cc 
•T2 (VH1) Px-Scp-Cc 
0T3 (VH526) SCPa Px-Grt-PI-Scp 
T3 (VH526) SCPb Px-Grt-PI-Scp 
oT6 (VH483) Px-Cz 
Figure 7.2: a) Plot of equivalent anorthite content versus calcium content. Note the core to rim 
decrease of equivalent anorthite content. In T3 (VH526) scapolites with opaque inclusions (SCb) have 
a higher equivalent anorthite content with respect to the coexisting inclusion free-scapolites (Sc a). 
Numbers correspond to the composition of plagioclase:*  initial polygonal, ** retrograde. b) Plot of 



























Rock type CALCSILICATE 
Phase  Sca olite  
Texture TI  T2 T3 T6 
Thin section VH439-11 VH437-4 VH1  VH526  VH483 
Position Core Rim Core Rim Core Rim Scpa  Core SCPa Rim SCpb Core* Scpb Rim Vein 
Si02 41.57 42.43 42.39 43.54 48.16 50.38 42.76 44.31 42.19 42.14 50.86 
T102  0.04 0.04 0.01  0.14 0.02  0.01  
A1203 29.22 28.62 29.48 28.59 26.46 25.27 29.22 28.16 29.13 28.88 24.95 
Cr203 0.01 0.03  0.01 0.01 0.02 0.03  0.01 
FeO 0.06 0.161 0.1 0.38 0.07 0.06 0.2 0.65 0.031 0.21 0.12 
MnO 0.02 0.01 0.04 0.04  0.03 0.04 0.03 0.071 0.04 0.03 
MgO 0.03 0.02 0.01 0.03 0.02 0.02 0.02 0.21 0.02 0.02 0.02 
CaO 22.15 21.8 20.55 19.53 15.17 13.45 20.93 19.47 20.77 20.33 13.14 
Na20 1.27 1.39 2.04 2.56 3.97 5.11 2.07 2.22 1.98 2.17 5.12 
K20 0.19 0.2 0.19 0.24 0.541 0.59 0.07 0.09 0.07 0.08 0.48 
S03  0.03 0.05 0.01 0.02 0.04 0.07 0.17 0.16 0.10 0.02 
Cl 0.12 0.15 0.03 0.22 1.05 1.48 0.02 0.05 1 1.19 2.024 
Total 94.63 94.93 95.06 95.15 95.48 96.58 95.43 95.4 95.65 95.16 96.76 
0=Cl 0.03 0.03 0.03 0.05 0.24 0.33  0.01 0.22 0.27 0.46 
Total 94.6 94.9 95.031 95.1 95.24 96.25 95.43 95.39 95.42 94.89 96.3 
Si 6.563 6.685 6.59 6.76 7.28 7.54 6.647 6.862 6.616 6.639 7.603 
Ti  0.004  0.01 0.002   0.001  
Al 5.437 5.315 5.04 5.23 4.72 4.46 5.353 5.138 5.384 5.361 4.397 
Cr 0.001 0.003  0.002 0.004  0.001 
Fe 0.008 0.021 0.011 0.05 0.01 0.01 0.026 0.085 0.034 0.0281 0.015 
Mn 0.002 0.001 0.01 0.01  0.006 0.004 0.009 0.005 0.003 
Mg 0.007 0.006  0.01  0.005 0.048 0.004 0.005 0.004 
Ca 3.746 3.681 3.42 3.25 2.46 2.16 3.485 3.23 3.49 3.432 2.11 
Na 0.39 0.426 0.62 0.77 1.16 1.48 0.623 0.665 0.6011 0.662 1.483 
K 0.039 0.05 0.04 0.05 0.1 0.11 0.014 0.017 0.015 0.015 0.092 
S  0.004 0.01  0.008 0.02 0.019 0.0111 0.002 
Cl 1 	0.0311 0.04 0.04 0.06 0.27 0.37 0.004 0.012 0.265 0.317 0.513 
Total 16.225 16.236 16.15 16.19 16.012 16.16 16.18 16.087 16.437 16.478 16.218 
EgAn 81.22 77.16 80.20 74.50 57.20 48.60 78.44 71.281 79.47 78.71 46.55 
Xme 89.78 88.641 84.00 80.20 66.10 57.801 84.70 83.151 85.17 83.66 57.47 
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tschermaks (CaA1A1Si2O6) and esseneite (CaFe 3 AlSiO6) substitution. XMg 
increases rimwards (figure 7.3a), whilst Fe 3 and Al" show a rimwards decrease 
(figure 7.3b and 7.3c). Core to rim zoning of Al"' and Al" 1 follows a trend that is 
fairly close to the 1:1 esseneite to tschermak vector correlation (figure 7.3c) 
indicating a loss of esseneite and tchermakite on 1:1 basis. The Na content is 0.01-
0.04 c.p.f.u. and Ti and Cr content are negligible. 
Clinopyroxenes in T5 and T6, from a layered calcsilicate boudin (figure 6.19), have 
distinct compositions. Compared with T5, clinopyroxenes in T6 have higher XM g (by 
20 units) and Ca contents (by 0.09 c.p.f.u.). The enrichment in XMg reflects both 
higher Mg and lower F etot . 
Vein Px2 in T4 shows little compositional change with respect to the coarse Pxi Px2 
shows a Fe31 decrease of 0.02, and a decrease in Al" of 0.1 c.p.f.u., while XM g is 
similar to Px 1 . 
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T1 (VH437-4) Px-Grt-Scp-Cc 
tT1 (VH439-11) Px-Grt-Scp-Cc 
oT2 (VH1) 	Px-Scp-Cc 
0T3 (VH526) Px-Grt-PI-Scp 
vT4 (VH438-11) Px-Grt-PI 
vT4 (VH438-11) (Px2 vein) 
0T5 (VH484) 	Px-Pl 
•T6 (VH483) Px-Cz 
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Figure 73: a) Plot of Ca versus XM5. Clinopyroxenes show a general rimwards increase of XM b) 
Plot of Fe3 +Al" versus Al". Clinopyroxene have a correlated nmwards decrease of Fe 3 +Al" and 
Al"'. c) Plot of Al"' versus Al". Continuous grey arrows are the esseneite and tschermaks vectors. 
Broken grey line is the 1:1 correlation between the two vector lines. Core to rim decrease of Al"' and 
Al" is correlated and is fairly close to the 1:1 correlation indicating that esseneite and tschermakite are 
removed in similar proportions. 
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7.2.6 Garnet 
Garnet occurs both as prograde granoblastic grains and as a retrograde rimming, 
symplectitic or veining mineral. 
Prograde granoblastic garnet is 	 with XM5 
in the range of 0.03-0.09 (figure 7.4, 7.5 and table 7.5). Mineral grains are zoned 
with rimwards decreases of Grs, And and XMg respectively of 1-5 units percent, 1-4 
units and 0.0 1-0.03 units. An exception to this general trend is VH439-1 1 (Ti) that 
shows an increase in And of 8-10 units. In most samples Aim and Sps increase 
respectively by 1-5 and 1-2 units, whilst Pyr shows no core to rim compositional 
change. There is a positive correlation between the XMg compositions of coexisting 
polygonal garnet-clinopyroxene pairs (table 7.6); the most almandine-rich garnet 
(VH526 of T3) coexists with the most hedenbergitic clinopyroxene. 
A set of balanced chemical reactions can be constructed in a CaO-Fe 2 O-Fe3 2O3 -
Si02-H20-0O2 (CAFSV) system in order to produce both the initial polygonal garnet 
composition and the retrograde garnet in each of the textural types. Such garnet 
formation is modelled through the consumption of clinopyroxene and other phases 
such as meionite, clinozoisite, anorthite, calcite and quartz. These reactions are listed 
in table 7.7 together with the volume change involved in the reactions (AV r). Garnet 
composition is simplified to its grossular, andradite and almandine components, 
while clinopyroxene is considered into its esseneite (CaFe 3 AlSiO6) and 
hedenbergite (CaFe2 Si2O6) components. The volume changes of each reaction (zV r) 
are calculated using the molar volume data of Holland and Powell (1998) for all the 
phases but esseneite. The molar volume of this latter phase was calculated from the 
data of Cosca and Peacor (1987)1.  Two types of volume changes are presented in 
table 7.7: iVr ' is the volume change calculated considering the presence of all the 
phases considered in the reactions. LW r2 instead is the volume change calculated 
neglecting the phases occurring within a fluid, which are marked as (f), and the 
phases absent from the textures, which are marked as*. 
'esseneite density is 3.54 g/cm 3, corresponding to V=6.977 J baf'. 
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All the reactions involving the formation of primary garnet (Ri, R9 and R13) are of 
decarbonation type and involve solid volume decreases (negative AV r' and AV) that 
promote and allow the ingress and passage of fluid. Calcite and quartz are consumed 
in all the reactions. Prograde polygonal calcite is present only in one type of 
assemblage, Ti, whilst prograde quartz is always absent. The absence of calcite as 
an initial phase can be explained as the result of its complete consumption during the 
formation of garnet. The absence of quartz is unlikely to be the result of its complete 
consumption, as this would require that both calcite and quartz were exhausted 
simultaneously and hence that quartz and calcite were present in the precise modal 
proportions required to form garnet in the reactions. 
Retrograde garnet is lower in grossular than prograde garnet. The changes in garnet 
composition follow two compositional trends. In samples VH1 and VH439-1 1 
retrograde garnet evolves towards higher andradite contents with little or no variation 
in the almandine, pyrope and spessartine components (figure 7.4 and 7.5). On the 
other hand garnets in '/11526, VH438-2 and VH437-4 follow a trend towards more 
almandine-rich compositions, with minor enrichment in pyrope and spessartine. In 
contrast to the initial polygonal garnet, there is no correlation between retrograde 
garnet composition and clinopyroxene composition. This suggests that the 




















Rock type CALCSILICATE 	 II 	PELITE 
Phase   Garnet  
Texture Ti  T2 T3 T4 T6  
Thin secon VH437-4  VH439-11 VR1 VH526  VR438-11  VH483 VH483-7 
Garnet chronology Gtl polygonal Gt2a Gil polyg jGt2a Gtl Gt2 Gil polygonal Gt2a Gt2b Gil polygonal Gt2b Gil 	jGt2 
Position Core 	I Rim Rimming Core Rimming Patch Rimm_inin Core Rim Vein Rimming Core Rim Vein S1L Core SL 
02 37.31 37.81 38.22 38.01 37.78 39.10 38.39 37.14 37.31 37.63 37.8 37.43 37.19 37.66 38.01 36.63 36.73 
02 1.18 0.85 0.08 0.85 0.39 0.00 0.15 0.89 0.59 0.02 0.08 1.08 1.09 0.15 0.09 0.06 0.07 
203 15.04 1539 18.26 18.19 15.86 20.17 17.31 12.7 13.33 19 19.8 16.21 16.07 18.7 17.88 20.47 20.45 
r203 0.29 0.1 0.04 0.05 0.03 0.02 0.09 0.07 0.26 0.01 0.1 0.12 0.04 0.02 0.03 0.01 
FeO 12.84 12.881 15.51 8.96 13.61 3.761 8.29 17.53 18.19 24.891 19.11 10.541 11.393 14.58 12.97 33.12 32.01 
nO 0.95 1.18 2.75 1.3 1.93 0.53 0.61 0.93 1.31 2.24 3.16 0.841 1.01 2.31 2.39 2.97 2.51 
gO 0.37 0.39 0.37 0.33 0.29 0.05 0.07 0.28 0.32 0.96 011 0.53 0.49 0.52 0.16 2.53 2.37 
aO 31.87 31.4 25.05 32.52 30.31 36.04 34.37 31 29.62 14.59 19.88 31.66 30.67 25.71 28.72 4.04 5.15 
a20 0. 0.02 0.02 0.02 0 0.01 0.02 0.03 0.02 0.02 0 0. 0.01 01 0.01 0.01 0.01 
20 0.01 0 0 0 0 0.00 1101 0 0 0.01 0 0 0 0 -  0.00 1104 
otal 99.871 100.02 100.31 100.23 100.17 99.69 99.241 100.69 100.761 100.42 100.64 98.401 98.043 99.67 10025 99.86 99.52 
Si  2.937 2.967 2. 2.937 2.966 2.974 2.972 2.940 2.960 2.990 2.960 2.945 2.944 2.958 2.967 2.955 2.971 Al_____ 
1.396 1.424 1.686 1.657 1.467 1.809 1.579 1.190 1.240 1.850 1.840 1.503 1.500 1.731 1.645 1.947 1.949 
Cr 0.01 0. 0.003 0.000 0.002 0.001 0.010 0.040 0.020 0.000 0.006 0.007 0.002 0.001 0.002 0.001 
Fe3+ 0.576 0.539 0.316 0.371 0.557 0.239 0.463 0.820 0.780 0.160 0.220 0.475 0.476 0.334 0.410 0.136 0.104 
0.070 0.0501 0.004 0.049 0. 0.009 0.050, 0.040 0 0.010 0.064 0.065 0.009 0.005 0.004 0.004 
Fe2+ 0.205 0.2461 0. 0 .1 67 0.275 0 0.074 0.250 0.340 1.480 1.010 0.219 0.279 0.570.391 2.099 2.062 
Mg 0.043 
- 





0.085 0.129 - 0.034 11040 
- 
0.060 0.090 0.150 0.210 0.056 0.068 0.153 0.158 0.203 0.172 










0.000 0.000 0 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0. 
Total 8.001 7.999 7.998 8.001 8.002 8 8.001 8.000 8.000 8.000 8.000 8.001 8.001 8.000 7.999 8.001 8.001  
XMg 0.052 0.055, 1104 0.064 0.039 04 0.015 _0 0.030 0.070. 0.060 0.082, 0.071 0.062 0.023 0.120 0.11 
XMg' 0.173 0.1581 0061 
- 
0.181, 0.110 1.000 0.098 0.120 0.100 0.070 0.080 0.221 0.172 0.094 0.046 0.127 0.12 
AIm - - 22 6 9 0 2 _8 12 50 34 7 9 20 13 71 7 
Sps 2 3 6 3 4 1 1 2 3 5 7 2 2 5 511 7 
Pyr 1 -  _2 1  1 0 0_ 1 1 4 3 2 -  - 1 10_1 
And 30 28 16 19 28 12 23 42 39 - 11 25 25 17 2011 7 
59 60 54 71 57 87 73 Grs 
 
46 451 33 45 64 61 56 6111 51 1 01  
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Rock type  CALCSILICATE  
Texture TI T2 T3 T4 T6 
Initial assemblage Px-Grt-Scp-Cc Px-Scp-Cc Px-Grt-Pl-Scp Px-Grt-Pl Px-Cz 
Sample VH437-4 	1VH439-11 I 	VH1 I 	VH526 VH438-11 VH483 
Garnet  
Garnet chronology Grt1 Grt2 Grt1 Grt1 Grt2 I 	Grt1 Grt2a Grt2b Grt1 Grt2 C3rt1 
Grs 58-60 53-56 72-57 84-92 71-73 45-48 32-36 44-47 61-66 53-61 58-61 
And 27-30 9-22 19-29 7-14 23-25 38-42 8-10 11-13 23-27 12-26 17-23 
AIm 7-9 15-27 4-9 0-1 2-4 8-12 46-50 28-34 4-9 15-24 13-22 
Pyr 1-2 1-2 1 0 0 1 4 2-3 2 2-3 0-1 
Sps 2-3 5-7 2-4 1 1-2 2-3 4-5 6-9 2 3-5 2-5 
Scapolite  
EgAn 	 I 	75-80 	I 	77-82 	I 49-57 	 71-81 	I 	I47-50vein 
Clinozoisite 
Ps in Czo 	I I 	I I 	3452%** 	1I 	I 	I 58-66% vein* I 	15-65% 
Plagioclase 
XAn 	 I 	 all between 0.92 and 0.97 
Clinopyroxene  
XM9 0.48-0.51 0.45-0.53 0.41-0.66 0.40-0.46 0.51-0.59 0.73-0.80 
Fe3 0.09-0.11 0.05-0.08 0.02-0.06 0.07-0.10 0.07-0.11 0.02-0.05 
pjIV 0.15-0.19 0.06-0.11 0.01-0.05 0.09-0.16 0.17-0.28 0.02-0.07 
jtOt 0.20-0.27 0.07-0.14 0.01-0.07 0.13-0.23 0.23-0.41 0.02-0.09 
Wo 51 50-51 50 50-51 52-54 50-51 
En 23-25 22-26 1 	20-32 1 	19-23 23-28 36-38 
Fs 25-26 24-28 1 18-30 1 27-30 20-23 10-14 
Table7.6: Summary of the compositional variation shown by phases in the calcsilicates. *R efrograde 
vein. **porphyroblast on scapolite. 
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LW r' AVr2 
Ti 
VH437-4 
0.44Me+ 1 .O8Hd+i .68Ess+2.52Qtz*(f)+3.4Cc3Grt i+3.84CO2 -14.47 -8.76 (Ri) 
0.64Me+2.43Hd+1 .O8Ess+0.5Cc=3Grt2+O.78Qtz*(f)+1 . 14CO2 -8.74 -10.5 (R2) 
VH439-1 1 
0.586Me+0.837Hd+1 .242Ess+2.568Qtz*(f)+3.74Cc=3Grt i+4.326CO2 -16.16 -10.33 (R3) 
0.456Me+1 . 152Hd+1 .632Ess+2.328Qtz*(f)+3.24Cc=3Grt 2+3.696CO2 -14.22 -8.93 (R4) 
T2 VH1 
0.74Me+0.78Ess+3 .78Qtz+5 .26Cc3Grt 1 +6CO2 -20.71 -20.71 (R5) 
1 .48Czo+0.78Ess+3.78Qtz+5.26Cc3Grti+5.26CO2+0.74H20 -15.73 -15.73 (R6) 
0.37 Me+0.74Czo+0.78Ess+3.78Qtz+5.26Cc3Grtj+5.63CO2+0.37H20 -18.22 -18.22 (R7) 
0.269Me+0.538Czo+O.44 1 Hd+i .36Ess+3 .5O4Qtz+4.5 8Cc3Grt2+0.269H20+4.849CO2 
-4.98 -4.98 (R8) 
T3 VH526 
0.0683Me+0.398Hd+0.795Ess+0.999Qtz*(f) +1.1 367Cc*Grti+1  .205CO2 -4.37 -2.10 (R9) 
0.805Me+2.4 1 5An+9.945Hd+1 . l7Ess+7.89CO26Grt2a+1 2.72Qtz*(f) +8.695Cc 
+10.33 -18.53 (RiO) 
0.788Me+3.81 6Hd+0.636Ess+1 .632CO23Grt zb+3.996Qtz*(f)+2.42Cc -3.29 -12.36 (Ri 1) 
2.364An+3.8 1 6Hd+O.636Ess+1 .632CO2=3Grt 2b+3.996Qtz*(f) +1.632Cc -2.59 -11.66 (Ri 2) 
T4 VH438-11 
0.496An+0.294Hd+0.504Ess+0.9 l6Qtz*(f)+1 .41  2Cc*=Grti+1  .41 2CO2 -5.20 -3.12 (Ri 3) 
1 .244Czo+2.349Hd+ 1.1 34Ess+0.68Cc=3Grt2+O.564Qtz*(f)+0.68CO2+0.622H20 
-4.85 -6.13 (R14) 
1 .866An+1 .1 34Ess+2.349Hd+1 .302Cc3Grt 2+0.564Qtz*(f)+1 .302CO2 -9.02 -10.3 (Ri 5) 
T6 VH483 
0.8Czo+0.6Hd+0.4Ess+0.2Qtz+0.4Cc=Grt+0.6An+0.4CO2+0.4H20 -1.19 -1.19 (Ri 6) 
Garnet-absent gneiss VH483-7 
4Di+An+H20+3CO2=Hbl+3Qtz+3Cc*(f) +6.72 4.35 (Ri 7) 
Garnet-bearing pelites VH483-7 
0.73Bt+ 1 .465An+3 .325Qtz+O.055CO 2=Grt2+0.465Hb1+ 1 .46Kfs*(f)+0.055Cc*(f)+0.995H 20 
-4.74 -20.84 (R18) 
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General phase compositions: 
An CaAl2Si2O8 ; Bt K2(Fe,Mg)6Al2Si6020(OH)4; Cc CaCO 3 ; Cz Ca2A13 Si30 12(01-1); Di CaMgSi206 ; 
Ess CaFe3 AlSi06; Grt (Ca,Fe 2 ,Mg)3 (Al,Fe 34)2Si3O 12; Hbl Ca2Mg4Al2Si7O22(OH) 2 ; Rd CaFe2 Si2O6 ; 
Kfs KA1S13O8 ; Me Ca4A16Si6O24CO3 ; Qtz Si02 . 
Garnet compositions: 
(Ri) Grs60And28Aim12; (R2) Grs55And18Alm27; (R3) Grs70And207Alm93; (R4) 
Grs60And272A1m128; (R5, R6, R7) Grs87And13; (R8) Grs72And23 iAlmIJ9;  (R9) 
Grs47And3975Alm1 3.25;  (RiO) Grs35And9 75Alm55 25;  (Ri 1, Rl 2) Grs47And106Alm424; 
(R13) Grs65And25 2Alm9 8;  (R14, 15) Grs55And18 9Alm26 . (R16) Grs60And20Alm20; (R18) 
Grs 16Alm73Pyr 11 . 
Biotite composition: (Ri 8) Ann50Phl50. 
Volume of phases in J bar': Ann 30.864; Alm 11.511; An 10.079; And 13.204; Cc 3.689; Cz 13.63; 
Di 6.619; Ess 6.977; Grs 12.535; Hbl 25.4; Rd 6.795; Kfs 10.892; Me 33.985; PM 29.388; Qtz 2.269. 
Table 7.7: List of balanced chemical reactions involving the phases anorthite, biotite, calcite, 
clinozoisite, diopside, esseneite, garnet (almndine, andradite and grossular), hornblende, hedenbergite, 
k-feldspar, meionite, CO 2 and H20. Reactions Ri to Ri 6 are balanced for a CAFSV system. Reaction 
R17 is balanced for a CAMSV system. Reaction 18 is balanced for a KCAMFSV system. 
i.V ° ' is the volume change of reaction calculated considering all the solid phases in the reaction. 
LW r02  is the volume change of reaction calculated excluding the phases marked as (f) in the reaction, 
which may be considered to be components dissolved in infiltrating or reactive fluids. Negative 
changes in the volume of solids facilitate and promote the passage of fluid. *phase  absent in the 
textures. (f) Phase considered being present in a fluid in the calculation of AV rO2 . 
a) List of the general mineral formulae. b) List of specific compositions of garnet and biotite used to 
balance the reactions. c) List of molecular volumes of the phases listed in (a). 
Ti 
In VH437-4 prograde polygonal garnetl with 90% grandite component (Grs58.. 
60And2730AIrn79PIi, 12SPs25) is succeeded by a second generation of rimming 
or symplectitic gamet2 which has only 64-74% of grandite and is enriched in 
almandine and spessartine (Grs53...56And922A1m 15..27PrP1  Sps5  7).  The 
grossular content decreases by only a few mole% while andradite is almost halved. 
The formation of the retrograde garnet can be modelled in this case with reaction R2, 
which involves a volume decrease. Reaction R2 is a decarbonation reaction that 
consumes calcite and produces a small amount of quartz. However, quartz is not 
present as a retrograde phase. Hence, R2 is inferred to be an open system reaction 
involving the removal of Si02 in a fluid. This decarbonation reaction involves 
reaction of clinopyroxene, principally the hedenbergite component. 
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In specimen VH439-1 1 polygonal prograde garnet (Grs57..72And1929Alm4 
9PrPi2Sps24) is 90-92% grandite. This is rimmed by an andradite-enriched 
retrograde garnet (Grs57AndA1m9PrpSps4) with minor changes in the non- 
grossular components. The formation of the retrograde garnet can be modelled in this 
case with reaction R4, which again involves a volume decrease. Reaction R4 is a 
decarbonation that consumes calcite and quartz. However, both of these phases are 
not present or have not survived in the initial assemblage. Hence, R4 is inferred to be 
an open system reaction involving the addition of Si02 from a fluid during 
decarbonation. In this case the reaction ceases once calcite is consumed or fluid 
ceases to infiltrate. Even if all Si0 2 was introduced with fluid the reaction still has a 
negative AVr and so would be likely to proceed until all calcite is consumed. Hence, 
the availability of calcite is considered to be the limiting factor in reaction progress 
in this instance. 
T2 
In section VH1 a first generation of grossular-rich gamet (Grs8492And714Alm0 
iPrpiSpsi) is rimmed by a second generation of more andraditic garnet (Grs7l.. 
73Afld2325Alm2..4Prp0Spsl..2). The formation of the first generation of retrograde 
garnet can be modelled through consumption of scapolite, R5, clinozoisite, R6, or 
both of these phases, R7. Reactions R5, R6 and R7 are dehydration andlor 
decarbonation reactions, they consume both quartz and calcite and involve volume 
decreases. Both reactant phases occur in the calcite-quartz veins, suggesting that the 
formation of garnet was triggered by veining and hence by fluid incursion. No 
hedenbergite component in clinopyroxene is involved in the reaction since little 
almandine is observed in the garnet. 
The formation of the second generation of garnet can be modelled with reaction R8 
involving the consumption of both clinozoisite and scapolite. If the consumption of 
garnet I is considered as well, a possible reaction can be obtained by a linear 
combination with reaction R7. The stoichiometry of the resulting reaction will 
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depend upon the amount of garnetl that is consumed, as the garnet 1 composition will 
change as it is reacted. 
T3 
The largest increase in the non-andradite component of the retrograde garnet occurs 
in VH526 in which the formation of garnet occurs along a network of fractures 
(figure 7.4 and 7.5). Prograde gamet is 85-90% grandite with minor amounts of 
non-grandite components (Grs4548And3 842A 1m8 l2Prpi Sps2..3) whereas the 
composition of the retrograde gamet2  depends upon its micro-structural position. 
Where gamet2 occurs as symplectites around mineral grains far from the fractures 
(gamet2) the retrograde garnet is 55-60% grandite (Grs4447Andi 113AIm28 
34Prp2..3Sps6.9), showing only a minor decrease in grossular content whereas the 
andradite component is reduced to 25% of its initial value. Large increases in 
almandine and a minor increase in spessartine compensate for the decrease in 
andradite. Garnet2b occurs either in contact with scapolite or anorthite and its 
formation can be modelled with the reactions Ri 1 and R12, which once again 
involve a solid volume decrease. These reactions are consistent with the micro-
structural observation that calcite is produced together with garnet (figure 6.1 6e and 
6.160 around clinopyroxene. However, there is no quartz in the retrograde 
symplectites. This suggests that Si0 2 may have been removed from the system, in 
solution in the fracture-penetrating fluid. 
Garnet formed along fractures (garnet a) is 40-46% grandite (Grs3236And8... 
lOAlm465OPfl)4Sps45) and it is less grossular-rich and more almandine-rich with 
respect to the gamet. The formation of this garnet can be modelled with the 
carbonation reaction Ri 0. Such a reaction is consistent with the micro-structural 
observation that calcite is produced. However, once again there is a marked absence 
of any quartz in the textures. In this case it is instructive to consider that AV r ' is 
positive while AV T2 is negative. This implies that if quartz was precipitated as a solid 
phase rather than removed as Si0 2 dissolved in fluid, then reaction Rl0 would 
involve dilatation and that would be less likely to progress. 
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Albite occurs in the reaction domains of VH546. Potential reactions that could 
account for the production of albite through the consumption of the sodic component 
of clinopyroxene and the Si0 2 produced by reaction RiO are: 
Na(0 + 3SiO2(0 + 0.5A1203 = Ab 	 (R17) 
NaA10150 + Si02(0 = Ab 	 (R18) 
A potential source for Na is the Jadeite component in clinopyroxene which is, 
however very low. Reactions R17 and R18 would act as a sink for some of the Si0 2 
produced during reaction RiO. 
T4 
In VH438-2 a first generation of garneti with 84-93% grandite components (Grs6l... 
66And2327A1m49Prp2Sps2) is succeeded by a second generation of garnet 
(Grs536 iAndi 226A1m 	Sps3..5) which has 65-87% of grandite 
component and is restricted to veins. 
In this case the formation of secondary garnet2 can be modelled with reaction R14 
andlor Ri 5 according to whether clinozoisite or/and anorthite is consumed. Both of 
these reactions involves a negative solid volume change. Reaction R14 is a 
decarbonation-dehydration reaction whilst Ri 5 involves only decarbonation. Both 
reactions consume calcite and produce quartz/Si0 2 . Calcite occurs within the garnet 2-
veins whereas quartz is absent. These observations suggest that reactions R14 and 
Ri 5 were triggered by the formation of calcite-bearing veins while the little Si02 
produced was removed as a solute in the infiltrating fluid. 
160 





Calcsilicates Initial assemblage 
VH437-4 (TI) VH526 (T3) TI (VH437-4) Px-Grt-Scp-Cc 
Grt polygonal oGrt1 polygonal 	I TI (VH439-11) Px-Grt-Scp-Cc 





VH439-11(T1) Grt2b nm 	I T4 (VH438-1I) Px1 -Grt-Pl 
Grt 1 polygonal VH43811 (T4) T4 (VH438-11) (Px2 vein) 
AGrt2 rim txGrt1patch T5 (VH484) Px-Pl 
VH1 (T2) *Grt2vein 	I T6 (VH483) Px-Cz 
oGrt1 rim 
•Grt2 rim VH483 (T6) 
Grt1 polygonal 	I 
Gneiss 
VH483-7 
CGrt 1 polygonal 
Grt2 rirnming' 
Figure 7.4: Garnet compositional variation, expressed in terms of the grossular (Grs), andradite (And) 
and ahnandine + pyrope + spessartine (Aim + Prp + Sps) endmembers. Black arrows in the 
calcsilicates are decarbonation reactions. Grey arrows are carbonation reactions. Letters refers to 
reactions of table 6.7. 
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Figure 7.5: Garnet compositions. Symbols as in figure 7.4. a) Alniandine versus pyrope plot. Note the 
general trend towards enrichment in spessartine in the retrograde garnets. b) Spessartine versus 
andradite plot. Note the general trend towards enrichment in almandine in the retrograde garnets. 
T6 
In VH483 clinozoisite is replaced by gamet-anorthite. The retrograde gamet2 is 75- 
84% grandite 	 and its formation can be 
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garnet formed at the contact with quartz-calcite veins suggesting that the formation 
of garnet was triggered by veining and hence by fluid incursion. 
7.3 GNEISS 
This section presents the mineral chemistry of the gneiss at the contact with some 
calcsilicates. Mineral texture of such gneiss was described in section 5.5. 
7.3.1 Plagiocase 
Coarse plagioclase has a composition ofAb56..6lAn38420rl2 with a rimwards 
increase of An content of 3 units, which is opposite to the rimwards decrease of 
anorthite content in the prograde plagioclase in adjacent calcsilicate (table 7.2). 
Plagioclase, which forms symplectites with quartz and amphibole, is more 
anorthite-rich with a composition of Ab 1 920An7980 0r0 1• 
7.3.2 Biotite 
Biotites plot across the Mg-biotite and Fe-biotite fields of Forster (1960) and 
Guidotti et al. (1975) (figure 7.6 and table 7.8) and have XMg 0.47, a Ti content of 
0.45-0.48 c.p.f.u. and aAl content of 0.13-0.15 c. p.f.u. 
Biotite 
Mg 	 0.20 
	
a 0181b 
5 	 1 
Phiog 	
0.16 
80 pCte 80 < 0141 
0.121 
0.101 





\ Fe biotite\ 	
20 
Sidephytlite "tmv ndlepidometane\ 
Ti+A1 	°40 	 iro 	o Fev1n 
Figure 7.6: a) Biotite compositional fields. b) Plot of Ti versus Al" 1 . 
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7.3.3 Garnet 
Coarse garnetl is 	 while rimming gamet2 is 
less almandine and more grossular-rich with a composition of A1m69..70Sps5... 
6IPYriO1 lAnd5..7Grs810 (figure 7.4 and table 7.5). 
7.3.4 Clinopyroxene 
Clinopyroxene is diopside-hedenbergite solid solution (table 7.4) with a composition 
ofWo4l48En3O..33Fs2126 and XMg  content of 0.56-0.60. The Ti and Cr content 
are negligible. 
Rock type Pelite 
Phase Biotite 
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Amphiboles plot as magnesiohomblende and magnesiotchermakite (Leake et al., 
1997; figure 7.7) with XMg  of 0.44-0.60 (table 7.9). 
Figure 7.7: Amphibole composition. Plot of Si versus MgfMg+Fe 2 . Amphibole plots in th e 
magnesiohomblende and tschermakite fields. 
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Rock type Pelite 	I 	Gneiss 
Phase Amphibole 
Thin section VH483-7 
Name magnesiotschermakite magnesiohorneblende 
Si02 41.94 43.38 
Ti02 0.88 0.31 
A1203 11.93 10.77 
Cr203 0.02 0.02 
FeO 18.44 17.94 
MnO 0.29 0.3 
MgO 8.51 9.54 
CaO 11.59 11.67 
Na20 1.21 1.04 
K20 1.12 0.84 
Total 95.93 95.81 




Al'  0.563 0.496 
Ti 0.101 0.036 
Fe3 0.443 0.600 
Mg 1.940 2.154 
Fe2 1.914 1.674 
Mn 0.037 0.038 
Ca 1.899 1.895 
Na(B) 0.101 0.105 
Na(A) 0.259 0.201 
K 0.218 0.163 
Total 15.475 15.362 
XMg 0.45 0.49 
Table 7.9: Amphibole analyses. Cations normalised to (cations)= 13 without Ca, Na and K. 
Structural formula calculated according to (Leake Ct al., 1997). 
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8 Reaction models for the mineral textures and temperature 
and fluid constrains of the calcsilicates 
8.1 INTRODUCTION 
The mineral textures described in section 6.4 are in section 8.2 interpreted as 
chemical reactions in a simplified CASV chemical system. Section 8.3 discussed the 
method and limitation to the use of petrogenetic activity-corrected grids that will be 
used in section 8.4 to extract T and fluids constraints from the calcsilicates. In 
section 8.5 the mineral retrograde reactions occurring in the country rocks adjacent to 
calcsilicates T5-T6 are interpreted in a CAMSV and KCAMFSV systems. Those 
reactions are then used to explain the origin of Si0 2-rich fluids and to elaborate a 
model for the formation of retrograde garnet. 
8.2 MINERAL REACTIONS IN THE CaO-Al2O3-Si02-CO2 (CASV) 
SYSTEM 
Mineral reactions inferred from the textural analysis of sections 6.4 involve the 
phases clinopyroxene, garnet, scapolite, plagioclase, epidote, orthoclase, calcite, 
quartz and fluid, which can be represented in the system K 20-Na20-CaO-MgO-FeO-
Fe303-A1203 -Si02-H20-0O2. However, most of the reactions are multivariant in this 
system and it is impossible to fully quantify the complete phase relationships given 
the current understanding of a-X relationships and basic thermodynamic properties 
of some of the basic phases. 
As a first approximation a simpler Ca0-Al 203-Si02-H20-0O2 (CASV) is considered 
in this section and reaction textures, where possible, are simplified and represented 
as univariant reactions between the end-member phases grossular, meionite, 
anorthite, clinozoisite, calcite, quartz, CO2 and H 20. A list of the possible reactions 
among such phases is given in table 6.1 of section 6.3. Each reaction is numbered 
according to table 6.1 (e.g. 1, 2,3, etc.) and adjacent to such number is reported in 
bold the number of the corresponding reaction balanced considering the consumption 
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of clinopyroxene in the formation of secondary garnet as from table 7.7 (e.g. Ri, R2, 
R3, etc.). 
8.2.1 Model reactions in scapolite-bearing, plagioclase-absent polygonal 
textures Ti and T2 
8.2.1.1 Ti (VH437-4 and VH439-11) 
The formation of the secondary garnet (Grs 2) between scapolite and calcite can be 
modelled with the decarbonation reaction: 
meionite + 3 quartz + 5 calcite = 3 grossular + 6 CO 2 	(15) (R2, R4) 
(Wo, Cz, An) 
Anorthite rims with calcite and k-feldspar inclusions between calcite and scapolite 
can be modelled with the reaction: 
meionite = 3 anorthite + calcite 	 (8) 
(Cz, Wo, Grs, Qtz, V) 
However, the presence of Ba-bearing K-feldspar inclusions in the anorthite-calcite-
K-feldspar intergrowth indicate that the reaction took place under partially open-
system conditions since there are no other K- or Ba-bearing phases in the prograde 
assemblage. In this case, if Si0 2 andlor CaCO 3 are dissolved components then aSi0 2 
and aCaCO3 <1 and the relevant reactions migrate to lower aCO 2 at given T. 
8.2.1.2 T5 (VH1) 
The formation of clinozoisite on scapolite can be modelled with the following 
reaction: 
meionite + H20 =2 clinozoisite + CO 2 	 (2) 
(Wo, Grs, An, Cc, Qtz) 
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The formation of the two successive generations of garnet (Grs 1 and Grs2) at contacts 
with the calcite-quartz veins can be modelled with the progress of the following 
reaction: 
2 clinozoisite + 3 quartz + 5 calcite = 3 grossular + 5 CO2 + H20 	(5) (R6) 
(Me, Wo, An) 
modified for different composition of garnet Grs 1 and Grs2 (figure 6.4). 
8.2.2 Reactions in scapolite-bearing, plagioclase-bearing polygonal texture T3 
(VH526) 
The formation of anorthite-calcite symplectites around scapolite is consistent with 
the reaction: 
3 anorthite + calcite = meionite 	 (8) 
(Cz, Wo, Grs, Qtz, V) 
Garnet rims (Grs2b) replacing scapolite can be modelled with the decarbonation 
reaction: 
meionite + 3 quartz + 5 calcite = 3 grossular + 6 CO 2 	 (15) (Ri!) 
(Cz, Wo, An) 
The formation of the secondary garnet (Grs 2b) replacing anorthite-calcite 
symplectites after scapolite can be modelled with the decarbonation reaction: 
anorthite + quartz + 2 calcite = grossular + 2 CO 2 	 (11) (Ru) 
(Me, Cz, Wo) 
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8.2.3 Reactions in scapolite-absent, plagioclase- or clinozoisite-bearing 
polygonal textures T4 and T6 
8.2.3.1 T4 (VH438-11) 
The formation of the first generation of garnet 1 (Grs 1 ) from an original assemblage 
composed of anorthite-calcite-quartz can be modelled with the progress of the 
decarbonation reaction: 
anorthite + quartz + 2 calcite = grossular 1 + 2 CO2 	(11) (R13) 
(Me, Cz, Wo) 
The formation of a secondary garnet 2 (Grs2) can be explained with a two-step model 
in which an initial clinozoisite formation event would be followed by a second 
garnet2-forming event, which would consume clinozoisite itself 
The initial formation of clinozoisite can be modelled with the reaction: 
3 anorthite + calcite +2 H 20 = 2 clinozoisite + CO2 	 (4) 
(Me, Wo, Grs, Qtz) 
The formation of the secondary garnet 2 then progresses through the following 
devolatilization reaction, which consumes clinozoisite: 
2 clinozoisite + 3 quartz + 5 calcite = 3 grossular 2 + 5 CO2 + H20 	(5) (R14) 
(Me, Wo, An) 
8.2.3.2 T6 (VH483) 
The formation of scapolite veins intersecting coarse clinozoisite can be modelled 
with the reaction: 
meionite + H20 = 2 clinozoisite + CO 2 	 (2) 
(Wo, Grs, An, Cc, Qtz) 
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Garnet-plagioclase symplectites replacing clinozoisite at the contact with calcite-
quartz can be modelled with the following dehydration reaction: 
4 clinozoisite + quartz = 5 anorthite + grossular +2 H 20 	(3) (R16) 
(Me, Wo, Cc) 
8.3 METAMORPHIC CONDITIONS DURING TEXTURAL 
DEVELOPMENT 
8.3.1 Calculated partial grids: method and approach 
Petrogenetic T-aCO2 and P-aCO 2 grids have been constructed at the pressure and 
temperature of interest considering the phases grossular, meionite, wollastonite, 
anorthite, clinozoisite, calcite, quartz, CO2 and H 20. Following the approach of 
previous authors (Harley & Buick, 1992; Harley et al., 1994; Fitzsimons & Harley, 
1994) clinopyroxene have been considered as excess phase and it was not included in 
the grids. The presence of non-CASV components in grossular, meionite, anorthite 
and clinozoisite have been taken into consideration by calculating the grids using 
reduced activities for the phases consistent with mineral composition of the rocks. 
All calculations were performed using the program THERMOCALC (Holland & 
Powell, 1998). 
Activities of grossular in garnet, meionite in scapolite and anorthite in plagioclase 
and clinozoisite in epidote were calculated from analytical data using the solid 
solution models listed in the appendix 1. 
8.3.2 Limitations of activity reduced grids 
Activity reduced grids have became a common tool to assist the interpretation of the 
P-T-fluid evolution of calcsilicates in metamorphic terrains. However, the 
construction of such grids requires a set of assumptions to be made which result in 
some limitations in their use. The aim of this section is to explain both the 
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assumptions and limitation involved in the construction and use of activity-reduced 
grids. 
8.3.2.1 Effect of the composition of the phases on invariant points and reactions 
curves 
Figure 8.1 shows T-aCO2 grids constructed for the phases meionite, grossular, 
anorthite, calcite, quartz, CO2 and H20 at 8kb. In figure 8.1a unit activities are used 
for the mineral phases whilst in figure 8. lb activities relevant to the compositions of 
phases in assemblage Ti are used. The two grids have similar topology with one 
reaction bundle and four reaction curves but differ in their relative position in the T-
aCO2 space. In grid 8.1 a the reaction bundle is a true invariant point and reaction 
curves are univariant lines since phases are considered at their unit activities. On the 
contrary, in grid 7. lb the reaction bundle is a pseudo-invariant point and reaction 
curves are not univariant lines since their position depends upon activities of the 
phases. As a consequence reduced grids are valid only for a particular assemblage 
with the phases of that composition and over a restricted T or P range in which the 
mineral activities do not change appreciably. 
0 
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Figure 8.1: T-aCO 2 grids constructed for the phases phases grossular, meionite, anorthite, calcite, 
quartz, H20 and CO2 at a pressure of 8kb. a) T-aCO 2 grid with phases at unit activity. b) T-aCO 2 grid 
constructed using reduced activity relevant to assemblage Ti. Grey lines correspond to reaction 
curves of figure 6.1a. 
8.3.2.2 Effect of the evolution of composition (net transfer) of the phases during 
reactions on the activity reduced grids 
Another important aspect that has to be taken into consideration when using activity-
reduced grids is that the compositions of minerals in the assemblages generally 
evolve while chemical reactions take place (Fitzsimons and Harley, 1994). When net 
transfer reactions progress the chemical composition of the phases generally change 
and as a consequence the position of reaction curves and of reaction bundles in a T-
aCO2 or P-aCO2 space change as well. Therefore, grids calculated using final 
chemical compositions are valid only in the T-aCO2 and P-aCO 2 area where the 
mineral assemblages ceased to evolve (Harley et al., 1994; Fitzsimons and Harley, 
1994). 
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To better understand the interplay between the change of chemical composition and 
the position of reactions let us now consider a hypothetical path of an assemblage 
composed of grossular+scapolite+calcite which cools down from a temperature of 
900°C at a fluid composition of aCO 2=0.3 in an internally buffered system. In figure 
8.2a a petrogenetic grid has been constructed for the phases grossular, meionite, 
anorthite, calcite, quartz, H 20 and CO2 with all the phases considered at unit activity. 
The first reaction curve to be encountered during cooling is the fluid absent-reaction 
(8), which is commonly used in petrology to constrain temperature for the 
breakdown of scapolite. Reaction (8) gives a temperature estimate of 863 °C for the 
breakdown of meionite for the unit activities considered here. In the case of a 
scapolite with a lower activity of meionite, the phase will begin to breakdown at a 
lower T, given by its initial aMe (EqAn) and continues to breakdown continuously 
over a T interval while EqAn changes. 
Mineral retrogrude reactions in calcsilicates are usually incomplete, resulting in 
locally developed coronite and pseudomorphic textures. In the assemblage 
considered here once reaction (8) ceased to progress the rock will be left with 
symplectites of anorthite+calcite around or pseudomorphing scapolite. However, 
scapolite cores are likely not to preserve the initial composition but a depleted EqAn 
value. Therefore, the univariant reaction (8) constructed for the final scapolite 
composition will supply only a minimum temperature constraint for the reaction. In 
particular if we consider that the meionite activity is reduced to a value of 0.8, 
corresponding to a value of EqAn=87 in this case, reaction (8) will give a 
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Figure 8.2: T-aCO 2 grids constructed for the phases grossular, meionite, anorthite, calcite, quartz, H 20 
and CO2. a) T-aCO2 grid with phases at unit activity. b) T-aCO 2 grid. Continuous black lines are 
phases at unit activity. A broken line is reaction (8) with an activity of meionite of 0.8. Grey line is a 
potential T-fluid path considering a constant activity of 1 during reactions. c) T-aCO 2 grid. 
Continuous black lines are phases at unit activity. Broken lines are reaction (8) and (11) with an 
activity of meionite of 0.8 and activity of grossular of 0.7. Grey line is the real T-fluid path followed 
by the rock. d) T-aCO 2 grid constructed considering unit activities for anorthite, calcite and quartz, 
while a reduced activity of 0.8 is used for meionite and 0.7 for grossular. Thick grey line is a potential 
T-fluid path considering fmal phase compositions. Thin grey lines are reactions from figure 8.2a. 
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Figure 8.3: a) Table showing the temperature of reaction (8) for different values of EqAn (columni) 
and the corresponding aMe (column 3). Temperatures of reaction (8) are calculated at a nominal 
pressure of P 8kb. Values of aMe are calculated using the solid solution model of Oterdoom and 
Gunter (1983) at different temperatures (T°C*)  chosen to match temperatures of reaction (8) (T°C**). 
b) Plot of data of colunm 1 versus column 
The effect of the depletion of EqAn content in scapolite on reaction (8) can be easily 
evaluated in figure 8.3. Figure 8.3a is a table showing the aMe (column 3) and the 
resulting temperatures of reaction (8) (column 4) calculated for different values of 
EqAn (column 1). aMe values were calculated using the solid solution model of 
Oterdoom and Gunter (1983) at a nominal temperature of column 2. Temperatures of 
colunm 2 were chosen to be close to the temperature of reaction (8). There is a clear 
decrease of temperature of reaction (8) with the decrease of EqAn content of 
scapolite and such relationship is depicted by curve 1 in figu re 8.3b. 
As cooling progress reaction (11) is intersected and garnet will start being consumed 
and replaced by anorthite+calcite+quartz (figure 8.2b). Fluid composition will evolve 
along reaction curve (11) until garnet is completely consumed. Note that this reaction 
consumes fluid and therefore could stop also once the fluid is lost fr om the system. 
Once the reaction ceased to progress, the assemblage will cool down at constant fluid 
composition or in the absence of a fluid (figure 8.2b). However, thi s evolution is 
more theoretical than real since garnet will be progr essively depleted of its grossular 
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component during the progress of reaction (11). As garnet is depleted of its grossular 
component the activity of grossular decreases and reaction (11) will consequentially 
be shifted from its initial position. If we assume that the activity of grossular was 0.7 
just before garnet disappeared or ceased to react, a potential path that is more likely 
to have been be followed by the fluid is that depicted in figure 8.2c. In this path fluid 
evolves along a reaction line that progressively shifts from the initial unit activity of 
grossular to the final value of 0.7. 
Figure 8.2d represents the grid topology that would result considering the final 
composition of both grossular and meionite. This grid is rather different in the 
positions of reactions and invariant points from the real reaction grid in the complex 
system, and represents only the T-aCO 2 conditions of the mineral assemblage when it 
ceased to evolve. Moreover, the fluid path depicted in figure 8.2d is different from 
the real one followed in figure 8.2c. The most important differences, in this case, are 
that (a) the initial assemblage was stable at temperatures higher than the minimum 
given by reaction (8), and garnet reaction progressed over a greater AT than 
suggested by figure 8.2d. 
8.3.2.3 Uncertainties in the activity models to be used 
The construction of activity reduced grids involves the calculation of phase activities 
using activity expressions for appropriate solid-solution models. For the same 
mineral phase there can be different solid solution models, which may differ for the 
temperature and compositional range of their calibration or reflect conflicting 
experimental data. 
There are different activity models for garnet: Newton and Perkins (1982), Bohlen et 
al. (1983a), Harley (1984a), Sen and Battacharya (1984), Engi and Wersin (1987); 
The model that is considered most applicable to calcic garnet it the one of Engi and 
Wersin (1987) in its corrected formulation (Fitzsimons and Harley 1994). 
There are two activity models proposed for scapolite: Oterdoom and Gunter (1983) 
and Moecher and Essene (1991). The model of Oterdoom and Gunter (1983) 
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assumes a high state of Al-Si disorder and the data of Goldsmith and Newton (1977) 
are used for the positioning of the reaction Me = An + Cc. Moecher and Essene 
(1990, 1991) more recently proposed an alternative model that also assumes high Al-
Si disorder but uses the data of Huckenholtz and Sieberl (1990) for positioning the 
meionite breakdown reaction. However, the data of Huckenholtz and Sieberl (1990) 
position the meionite breakdown reaction at 60-80 °C lower than Goldsmith and 
Newton (1977). Backer and Newton (1994) more recently confirmed the results of 
Goldsmith and Newton (1977). Following the approach of Harley and Buick (1992) 
and Fitzsimons and Harley (1994) the model of Oterdoom and Gunter (1983) was 
adopted in this thesis. 
8.3.2.4 Effect of temperature on the of the activity model 
Mineral solid solution models considered in this work (see appendix) have a 
temperature term in their formulation. The value of temperature can more or less 
strongly affect the resulting activity according to the phase considered. Anorthite, 
clinozoisite, and grossular are almost insensitive to temperature changes within the 
temperature range of interest (figure 8.4, 8.5 and 8.6). 
On the contrary the activity of meionite is strongly dependent on the nominal 
temperature at which it is calculated as shown in figure 8.7. 
The activity-reduced grids used in this work use activities expressions calculated for 
a fixed phase composition at a fixed temperature. As a consequence the activity-
reduced grids are not applicable to the whole T-aCO 2 or P-aCO2 range but only near 
the temperature conditions considered in the activity expression. This is especially 
the case when meionite is involved. 
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of Aranovich and Podlesskii (1989). b) Plot of data of column 2 versus column 3. Note th at aAn is 
almost insensitive of the temperature at which it is calculated. 
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Figure 8.5: a) Table showing the value of activity of clinozoisite (column 3) calculated at different 
temperatures (column 2) for the same content of pistacite (column 1). b) Plot of data of column 2 
versus column 3. Note that aCz is almost insensitive of the temperature at which it is calculated. The 
values of aCz were calculated at a nominal pressure of 7kb using the program ax 
(http://www.esc.cam.ac.uk/astafflholland/ax.html)  based on the solid solution model in Holland and 
Powell (1998) and the composition of epidote cores from thin section VH1 (table 6.1). 
Figure 8.4: a) Table showing the value of activity of anorthite (aAn colunm 3) calculated at different 









1 2 3 
XPs rc aCz 
0.87 1000 0.55 
0.87 950 0.55 
0.87 900 0.55 
0.87 850 0.55 
0.87 800 0.55 
0.87 750 0.54 
0.87 700 0.54 
0.87 650 0.54 
0.87 600 0.54 
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Figure 8.7: a) Table showing the value of activity of meionite (aMe in column 2b, 3b and 4b) 
calculated at different nominal temperatures (column 1) and at different values of EqAn (column 2a, 
3a and 4a). b) Plot of data of column 1 versus column 2b, 3b and 4b. Note the decrease of aMe with 
the decrease of the nominal temperature. The values of aMe were calculated using the solid solution 
model of Oterdoom and Gunter (1983). 
Figure 8.6: a) Table showing the value of activity of grossular (aGrs in column 4) calculated at 
different temperatures (column 3) for the same content of grossular (colunm 1) and andradite (column 
2). b) Plot of data of column 3 versus column 4. Note that aGrs is slightly sensitive on the 
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0.87 0.13 1000 0.832 
0.87 0.13 950 0.835 
0.87 0.13 900 0.839 
0.87 0.13 850 0.843 
0.87 0.13 800 0.847 
0.87 0.13 750 0.852 
0.87 0.13 700 0.857 
0.87 0.13 650 0.863 
0.87 0.13 600 0.869 
 2b 	3a3b 	4a 	4b 
 aMe EqAn aMe EqAn aMe 
  0.942 	900.869 	85 	0.785 
  0.940 90 	0.862 85 0.771 C
VCvsaMe 
  0.93890 0.855 	85 	0.757 
  0.936 	90 	0.847 85 0742 
 0.934 	90 	0.840 	85 	0.727 
Chapter 8 Reaction models for the mineral textures and temperature-fluid constraints from the calcsilicates 
8.4 CONSTRAiNTS ON T-aCO2 EVOLUTIONS 
Various T-aCO2 and P-aCO2 grids have been created for the garnet-bearing mineral 
assemblage described in chapter 6.4. Assemblage T5 (VH484), which does not 
contain garnet, is not considered in this section. Each grid was constructed 
considering the mineral phases that were actually occurring plus quartz and calcite 
and eventually wollastonite, which, as pure phases, are not subject to an arbitrary 
choice of the activity value. In the grid for the assemblage T2 (VH483) anorthite was 
introduced even though it does not appear in the assemblage in order to provide a 
temperature constraint on the breakdown of scapolite. In that grid an activity value of 
1 was chosen for anorthite, and this is considered to be appropriate since in all the 
other assemblages anorthite had activity value close to 1. 
8.4.1 Constraints on scapolite-bearing, plagioclase-absent polygonal textures Ti 
and T2 
8.4.1.1 Ti 
Scapolite composition (EqAn=82, Xme 89) provides a minimum temperature 
estimate of 823 °C for the stability of the initial polygonal assemblage of garnet 
(Grs i ), scapolite and calcite. Reaction (15) can be used to constrain the upper aCO 2 
limit for fluid composition at both peak conditions and during the formation of 
retrograde garnet. Fluid composition of the initial assemblage is constrained to 
aCO2<0.5 in VH439-11 and aCO2<0.6 in VH437-4 for a max T of 850°C (figure 
8.8). It is not possible to constrain a lower aCO2 limit due to the lack of quartz in the 
initial assemblage. 
The formation of retrograde garnet rims (reaction 15) predates the breakdown of 
scapolite and therefore occurred at T>823 °C. Fluid composition during reaction is 
constrained at aCO 2<0.6 in VH439-1 1 and aCO 2<0.74 in \TH4374  for a nominal 
maximum temperature of 850 °C (the temperature defined by the assemblage in the 
paragneiss) at 8kb. Specimen VH437-4 yields higher maximum aCO 2 values for 
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garnet. The difference in the fluid composition estimates for the two specimens is 
due to the lower activity of grossular of garnet in VH437-4, which results in the 
stabilization of grossular-bearing assemblages towards higher aCO 2 . However, the 
composition of the most grossular garnet provides the tightest limit on aCO 2 . 
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Figure 8.8: T-aCO2 grid at 8kb for the phases meionite, anorthite, grossular, quartz, calcite, H20 and 
CO2 in the CASV system using reduced activities of phases meionite, anorthite, grossular relevant to 
assemblage Ti. There is only one pseudo-invariant point in the grid. Continuous lines are reactions 
for the peak assemblage garnet (Grs i ) while broken lines are reactions for secondary garnet (Grs 2). a) 
Grid for specimen VH439-11. b) Grid for specimen VH437-4. Grey area is the stability field of the 
prograde assemblage. Area with lines is the stability field for the formation of retrograde garnet. 
aCO2<Z0.5 satisfies both rocks. Arrows are indicative of the retrograde path during the breakdown of 
meionite. 
8.4.1.2 T2 
A T-aCO2 grid at 7kb has been constructed for the phases meionite, clinozoisite, 
anorthite, grossular, wollastonite, quartz, calcite, H 20 and CO2 (figure 8.9). 
The stability of the initial polygonal assemblage of scapolite and calcite is defined by 
the upper side of reactions (2) and (8) which constrain fluid composition at 
aCO2>0.02 at 850°C, to aCO2>0.32 at T=651 °C. 
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The replacement of scapolite by clinozoisite can occur over a wide T-aCO 2 range 
which is defined by the lower side of reactions (2) and (4) and it is constrained to 
0.02<aCO2<0.622 for the temperature range of 600-850 °C. To proceed further with 
constraining the T- aCO2 evolution some additional features have to be considered. 
The T-aCO2 conditions of formation of the two generations of garnet correspond to 
an area bounded by reactions (1), (2), (5) and (3) (figure 8.9a). The first generation of 
garnet was produced at T<710°C with aCO2 of 0.02-0.13 at 7kb (figure 8.9b), while 
the second generation of garnet may have formed at T<695°C and similar aCO 2 of 
0.02-0.15 at 7kb (figure 8.9c). The difference in the T-aCO 2 conditions for the two 
garnet types is due to the lower grossular activity of garnet 2, which results in a 
change in the relative positions of grossular-bearing reactions. In particular reaction 
(3) is shifted towards lower temperatures whereas reaction (5) is shifted towards 
higher aCO2 activity. Moreover, pressure decrease results in a shift of reaction (1) 
towards higher aCO2 while reaction (2) is shifted towards lower aCO2. As a 
consequence the area constraining the garnet-forming condition will be progressively 
reduced and shifted towards higher aCO2 and lower temperature if any 
decompression accompanied cooling, though the essential result of garnet formation 
at low aCO2 (0.02-0.15) and T of <725 °C still remains a robust one. 
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Figure 8.9: a) T-aCO2 grid at 7kb for the phases meionite, anorthite, grossular, wollastonite, quartz, 
H20 and CO2 in the CASV system using reduced activities of phases meionite, grossular relevant to 
assemblage T2. Continuous lines are reaction curves for grs 1 while broken lines represent reaction (3) 
and (5) with grs2 . 
area with NW-SE oriented lines represents the stability field of the initial association 
composed of scapolite and calcite. 
area with NE-SW oriented lines represents the stability field of clinozisite 
grey area is the T-aCO2 conditions for the formation of the first generation of garnet 
points is the is the T-aCO2 conditions for the formation of the second generation of garnet 
b): T-aCO2 conditions for the formation of the first generation of garnet and reaction curve (2) at 8, 7 
and 6kb. c): T-aCO2 conditions for the formation of the second generation of garnet and reaction 
curve (2) at 8, 7 and 6kb. 
8.4.2 Reactions in scapolite-bearing, plagioclase-bearing polygonal textures (T3) 
8.4.2.1 T3 
A T-aCO2 grid at 8kb has been constructed for the phases meionite, anorthite, 
grossular, quartz, calcite, H 20 and CO2 (figure 8.10). Wollastonite has been 
neglected due to the absence of coexisting calcite and quartz (figure 8.10). 
Scapolite composition (IEqAn8 1, XMe86) indicates a minimum temperature of 818°C 
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anorthite while reaction (15) constrains the fluid composition to have been 
aCO2<0.72. 
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Figure 8.10: T-aCO 2  grid for the phases meionite, anorthite, grossular, quartz, calcite, H20 and CO2 in 
the CASV system using reduced activities of phases meionite, anorthite, grossular relevant to 
assemblage T3. Continuous lines are reactions calculated at 8kb for the peak assemblage garnet (Grs 1 ) 
while broken lines are reactions for secondary garnet (Grs 2) calculated at 8, 7 and 6kb. 
Grey area is the stability field of the prograde assemblage. Area with lines is the stability field for the 
formation of retrograde garnet. Arrows indicate the retrograde path during the formation of secondary 
garnet (Grs 2). 
Fluid composition during the formation of secondary garnet 2 from scapolite is 
constrained to aCO2<0.87 for a maximum temperature of 850 °C at 8kb using reaction 
(15) with the activity of grossular2 (Grs2). The phase diagram of figure T3 shows the 
position of reaction (15) at different pressures and it is possible to see that any 
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decrease of pressure would resolve into a shift of the reaction towards higher T and 
aCO2. In fact, at 6kb the fluid composition would be constrained at aCO2<0.96. 
The formation of garnet2 from anorthite post dates the breakdown of scapolite and 
therefore took place at T<8 18 °C. An upper limit for fluid composition can be 
estimated using reaction (ii) and it is constrained at aCO2<0.8 for a maximum 
temperature of 818 °C at 8kb. At lower pressure reaction (11) would shift towards 
higher T and aCO2 and at 6kb the fluid composition is constrained at aCO2<0.89. If 
garnet formation in this assemblage occurred contemporaneously with that in Ti 
(T=7100C), then the aCO2 of infiltrating fluid would need to be <0.5. 
In summary T3 only provides rather weak constraints on aCO 2 compared with other 
observed reaction textures, largely because the garnets are grossular-poor. 
8.4.3 Constraints on scapolite-absent, plagioclase- or clinozoisite-bearing 
polygonal textures (T4and T6) 
8.4.3.1 T4 
A T-aCO2 grid at 7kb has been constructed for the phases meionite, anorthite, 
grossular, quartz, calcite, H 20 and CO2 (figure 8.1 la and 8.1 ib). This diagram refers 
only to the formation of the secondary vein minerals. 
The formation of clinozoisite and garnet 2 can be interpreted as the result of the 
infiltration of low aCO2 fluids along calcite- and quartz-bearing veins. 
Microstructural analysis does not provide any insight into the relative timing between 
the formation of clinozoisite and garnet2 and therefore both hypotheses will be taken 
into consideration (i.e. clinozoisite first, then garnet; garnet first, then clinozoisite). 
A first possibility is that garnet 2 pre-dates the formation of clinozoisite (path 1 in 
figure 8.1 la). In this case garnet 2 would form as the result of the intersection of 
reaction (11) driven by the infiltration of H 20-rich fluid. Once quartz is consumed 
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reaction (9) would cease to progress and then clinozoisite would start to form once 
reaction (4) is encountered. 
A second possibility is that garnet2 post-dates the formation of clinozoisite (path 2 in 
figure 8.1 la). In such a situation clinozoisite would form once reaction (4) is 
intersected and then clinozoisite itself would be consumed together with quartz and 
calcite to produce garnet 2 once reaction (5) is intersected. Garnet 2 formation would 
then cease once quartz is consumed. The grey area of figure 8.1 la corresponds to the 
stability field of garnet2 that is bounded by reaction (1), (3) and (5). In this case the 
formation of retrograde garnet 2 would be constrained at T<689°C and 
0.03aCO2 0.25. Figure 8.1lb is an enlargement of figure 8.1la and depicts the 
position of the grey area of figure 8.11 a and of reaction (11) at three different 
pressures. Both reaction (11) and (5) are shifted towards lower I and aCO2 as 
pressure drops and therefore any decompression would result in such reaction taking 
place at lower T and higher aCO2. 
It has to be noted that if the infiltrating fluid was H 20-rich both reaction (11) and (4) 
could have been overstepped and therefore they both could have proceeded almost 
together. 
In both situations 1 and 2 the formation of clinozoisite and garnet 2 would be driven 
by the infiltration of a low aCO2 fluid along initial quartz-calcite bearing veins. 
Microstructural observation failed to detect quartz but its absence can be explained 
by its complete consumption during the progress of either reaction (5) or (9). Indeed, 
the consumption of all quartz could be the limiting factor on the reaction progress in 
this case. 
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Figure 8.11: a) T-aCO 2  grid at 7kb for the phases clinozoisite, anorthite, grossular, wollastonite, 
quartz, H20 and CO2 in the CASV system using reduced activities of phases clinozoisite, anorthite, 
grossular relevant to assemblage T4. There is only one pseudo-invariant point in the P-aCO 2 shown 
here which is [Wo]. The diagram refers only to the formation of the vein minerals. (1) and (2) are two 
possible paths for the formation of garnet 2 and clinozoisite along the vein. b) Enlargement of figure 
8.11a showing the position of parts of the curves of reactions (1), (3) and (5) at 8 (horizontal 
ornament), 7 (shaded area) and 6kb (vertical ornament). 
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8.4.3.2 T6 
A T-aCO2  grid at 7kb has been constructed for the phases meionite, clinozoisite, 
anorthite, grossular, wollastonite, quartz, calcite, H 20 and CO2 (figure 8.12a, 8.12b). 
Five pseudo-invariant points occur in the grid which are [Cz, Cc], [Wo, Cc], [An, 
Wo], [Grs, Wo, Qtz] and [Cz, An]. 
The T-aCO2  region over which clinozoisite is stable as peak mineral is limited by 
reaction (2) and reaction (3). For the temperature range 657-850°C clinozoisite is 
only stable when fluid aCO 2 is <0.08. Reaction (3) gives a lower T-aCO 2 limit for 
the formation of retrograde garnet. If a nominal pressure of 8kb is considered, the 
temperature constraint would be in the range 694-850 °C with a fluid aCO 2<0. 1. 
Scapolite composition (EqAn=50, Me=65) provides a minimum temperature limit of 
6 10°C for the formation of the scapolite veins, which is lower than the lower limit 
inferred from the garnet-forming reaction (3), 65 7°C. Scapolite is therefore 
interpreted to have developed at T>657 °C and aCO2>0.08. Figure 8.12b is an 
enlargement of figure 8.1 2a that shows the position of part of reaction (2) at three 
different pressures. It is worth noting that reaction (2) is shifted towards lower T and 
aCO2 as pressure drops, indicating that the formation of scapolite veins can either 
form by an aCO2 increase at constant pressure or through decompression at constant 
aCO2. The effect of pressure on reaction curves can be better appreciated considering 
the isothermial P-aCO2 grid of figure 8.12c.in  which clinozoisite appears on the 
higher pressure side of the reactions. 
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Figure 8.12: a) T-aCO 2  grid at 7kb for the phases clinozoisite, meionite, anor.thite, grossular, 
wollastomte, quartz, H20 and CO2 in the CASV system using reduced activities of phases 
clinozoisite, meionite, anorthite, grossular relevant to assemblage T6. Five pseudo-invariant points 
occur in the grid which are [Cz, Cc], [Wo, Cc], [An, Wo], [Grs, Wo, Qtz] and [Cz, An]. The inclined 
lines indicate the stability field of prograde clinozoisite while the grid ornament indicates the possible 
condition of formation of scapolite veins. The shaded area indicates the stability of the retrograde 
assemblage anorthite-grossular-calcite. b) Enlargement of figure T6a showing the position of part of 
the curve of reaction (2) at 8, 7 and 6kb. The stability field of the assemblage grossular-anorthite-
calcite at 8 (vertical ornament), 7 (shaded area) and 6kb (horizontal ornament). c) P-aCO 2 grid at 
700°C for the phases clinozoisite, meionite, anorthite, grossular, wollastonite, quartz, H20  and CO2 in 
the CASV system using reduced activities of phases clinozoisite, meionite, anorthite, grossular 
relevant to assemblage T6. There are two pseudo-invariant points, which are [An, Wo], and [Cc Wo]. 
Note that both meionite in reaction (2) and grossular+anorthite in reaction (3) appear on the low 
pressure side of the reactions, indicating that both meionite and garnet+anorthite can be the result of a 
decompression at constant fluid composition. The shaded area corresponds to the stability of the 
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The T-0O2 conditions for the formation of anorthite-garnet symplectites correspond 
to an area bounded by reactions (1), (2) and (3). These constrain conditions of 
formation to T 657-682 °C and aCO2 0.04-0.1, for a pressure of 7kb (figure 8.12b). 
The area corresponding to the conditions of formation of the garnet-anorthite 
symplectites widens and shifts towards lower T and higher aCO2 with decompression 
as shown in figure 8.12b. This suggests that garnet formation can be the result of 
simple decompression at constant fluid composition. This observation is more 
evident when the P-aCO2 grid of figure 8. 12c is considered in which grossular and 
anorthite appear on the low-pressure side of reaction curve (3). 
8.5 ORIGiN OF THE QUARTZ-CALCITE VEINS AND Si02-CaCO3 
RICH FLUIDS DURiNG RETROGRADE METAMORPHISM 
Mineral textures and balanced chemical reaction in a CAFSV system for the 
calcsilicates indicate that the formation of garnet during retrograde metamophism 
required the addition or removal of Si0 2 and in some cases CaCO3 as a solute in a 
fluid. The origin of such Si02- and CaCO 3-bearing fluids can be unravelled 
considering the mineral textures and stoichiometry of the retrograde chemical 
reactions occurring in the country rocks (gneiss and pelites) adjacent to calcsilicates 
T6. 
In the gneiss (2 in figure 6.19B and 2 in figure 8.13) the formation of amphibole + 
quartz symplectites around clinopyroxene can be modelled in a Ca0-A1203-Mg0- 
Si02-0O2 (CAMSV) system with the hydration-carbonation reaction: 
4 Di + An +3 CO2 + H20 = Hbl +3 Si02 +3 CaCO3 	 (R17) 
In this reaction calcite is produced but is not observed in the reaction domains 
indicating that calcite was removed from the system as CaCO3 dissolved in fluid. 
This observation is corroborated by the fact that L\V r ' is positive while AVr2 is 
negative implying that if that if calcite was present as a solid phase then reaction Rl 7 
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would involve dilatation making the reaction less likely to progress. According to 
this reaction amphibole and quartz should be produced in a ratio of 1:3 in the 
reaction domains. However, amphibole-quartz symplectites around clinopyroxene 
commonly have ratios of 1:1 or 1:1.5 while most of the quartz occurs along the grain 
boundaries (figure 6.21i and 6.211). These observations suggest that part of the 
produced quartz was removed from the reaction domains and transported along the 
grain boundaries most likely as solute in a fluids phase. It has to be pointed out that 
R16 in the adjacent calcsilicate T6 consume both quartz and calcite, which are absent 
in the prograde texture, but occurs as retrograde quartz-calcite veins. It is therefore 
likely that part of the quartz and calcite dissolved into a fluid during the process of 
reaction R17 precipitated as veins in the calcsilicate T6 allowing reaction R16 to 
progress. 
The formation of garnet2 + amphibole + quartz symplectites around garnet i in the 
pelites (1 in figure 6.19B and 1 in figure 8.13) can be modelled in a K20-CaO-MgO-
FeO-A1203-Si02-0O2 (KCAMFSV) system with the following dehydration- 
carbonation reaction: 
0.73 Bt + 1.465 An + 3.325 Qtz + 0.055 CO2 = 
Grt2 + 0.465 Hbl + 0.055 Cc +1.46 K-feld + 0.995 H20 	(R18) 
Reaction Ri 8 consumes quartz that is absent in the prograde texture but occurs as a 
retrograde phase together with amphibole along grain boundaries and micro fractures 
indicating that hydrofracturing took place. These observations suggest that quartz 
precipitated from the silica-bearing fluid and the most likely source of such a Si0 2 is 
reaction R17 taking place in the adjacent gneiss. R18 also produce a small amount of 
CaCO3 that is absent as retrograde phase indicating that it was removed from the 
system and eventually released in the adjacent calcsilicate. 
When the reactions (R16, R17 and R18) occurring in the three adjacent layers of 
figure 6.19A-B are considered together, a two-stage model for the formation of the 
retrograde textures can be elaborated (figure 8.13). An initial stage would involve the 
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infiltration of a mixture of CO 2-H20 fluid that would drive the amphibolitization of 
clinopyroxene in the intermediate gneiss layer (2 in figure 8.13) and the formation of 
Si02 and CaCO3 . The CaCO3 and part of the Si02 produced would be dissolved in 
the infiltrating fluid. In a second stage the same fluids would precipitate quartz and 
calcite in the adjacent calcsilicate layer T6 (3 in figure 8.13) forming the observed 
quartz-calcite veins and driving the formation of anorthite+garnet symplectites 
replacing clinozoisite. The dissolved Si0 2 would also precipitate quartz in the 
adjacent pelites (1 in figure 8.13) allowing the formation of garnet2- 
amphibole+quartz symplectites around garneti (R18). The formation these latter 
symplectites would also form some CaCO3 that would be removed by the fluid and 
eventually precipitated in the calcsilicates. This model has the merit of needing only 
an external source of a mixture of CO2-H20 fluids to start the amphibolitization of 
clinopyroxene while Si02 and CaCO3 would be produced by the retrograde reactions 
themselves. 
CO2+H20 	
3 1 	2 
R18 R17 R16 
-3 	Si02 CO2+H20 	 CaCO3  _> 
CO2 +H20 
Figure 8.13: 1, 2 and 3 respectively represent the pelite, gneiss and calcsilicate layers of figure 6.19A-
B. Grey arrows represent a first stage of fluid infiltration, which trigger reaction Ri 7 in layer 2. Black 
arrows represent a second stage in which Si0 2 and CaCO 3 . 
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9 Syn- and post-deformation fluid history of calcsilicates 
and its implications 
9.1 INTRODUCTION 
This chapter presents a synthesis of the results of the petrologic investigation of the 
calcsilicates carried out in chapter 6, 7 and 8. Section 9.2 and 9.3 respectively 
summarise the temperature and fluids constraints of the peak Ml metamorphic event, 
whilst temperature and fluid constrains for the retrograde metamorphic evolution are 
the subject of section 9.4. In section 9.5 are summarised the evidence for fluid 
infiltration, Si02 metasomatism and open-system behaviour during retrograde 
mineral reactions. Section 9.6 and 9.7 respectively deal with the timing of the fluid 
infiltration and the origin of the fluids. 
9.2 PEAK TEMPERATURE CONDITIONS OF THE Ml EVENT 
Peak temperature conditions of at least 820 °C (table 9.1) have been estimated using 
the fluid-absent reaction me = 3an + cc (8) for the composition of scapolite with the 
highest EqAn content (EqAn=82, XMe=89) in VH437-4 and VH439-1 1. This 
estimate has to be considered as a minimum temperature since scapolite is likely to 
have been depleted of its EqAn content during its progressive breakdown to form 
anorthite and calcite (section 8.3.2.2). This observation is corroborated by the 
rimwards decrease of EqAn content that scapolites rimmed by calcite + anorthite 
symplectite display (section 7.2.4). These T conditions are lower then the ones 
obtained from the gneiss, but are consistent, as they are minima only. 
9.3 FLUID CONDITIONS DURING THE Ml EVENT 
The occurrence of centimetre-scale bi-metasomatic layers at the contacts between 
calcsilicates and country rocks (section 6.4.4.2; figure 6.19) indicate the presence of 
a fluid phase during Ml metamorphism. The formation of such layers implies the 
migration of Ca from the calcsilicate towards the country rock and a reverse 
migration of Si and Fe from the country rock into the calcsilicates. Such transport 
could not have taken place without the presence of a fluid phase. Fluid composition 
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at metamorphic peak is constrained to aCO2<0.5 using reaction (15) at T<850°C in 
VH437-4 (table 9.1). This estimate was preferred to the estimate of aCO2<0.6 
obtained by VH439-11 as it provides the tightest upper limit. 




  - 	Post-MI 
Texture Sampte Assemblage T°C aCO2 Texture type Chr. 
1°C aCO2 
11 VH437-4 Px-Gr1 1 -Scp-CC 1>823 <0.6 for T<850 Grt2 (h) - T>823 <0.74 for 1<850 
Ti VH439-1 1 Px-Grt 1 -Scp-Cc 1>823 <0.5 for T<850 Grt2 (h) T>823 <0.6 for T<850 
12 VH1 Px-Sc-Cc 1>651 >0.02 for.  T651-850 Czo (C) I ________ 0.02-0622 for T600-850 
12 VH1 Px-Sc-Cc  Gil 1  U) II 1<710 0.02-0.13 for T=600-710 
T2 VH1 Px-Sc-Cc Gi-t2 0) Ill I 	T<695 0.02-0.15 for T=600-709 
13 VH526 Px-Grt 1 -Pl-Scp 1>818 <0.72 for 1<850 Gr12 	(f) 1<850 <0.87 
14 VH438-11 Px-Grt-PI Gil2 (9) 3 1<689 0.03-0.25 
16 VH483 Px-Cz 1>657 <0.08 for T=657-850 Scp (d) I T>657 >0.08 
16 VH483 Px-Cz 1 Grt (I) II T=657-682 0.04-0.1 
Table 9.1: Summary of peak T and fluid estimates for the different prograde polygonal textures. 1) 
Retrograde texture type as from table 6.2. 2) Relative chronology. 3) Estimates considering path 2 of 
figure 8.1 la. Garnet2 formed after clinozoisite. 
The formation of initial polygonal grossular-rich garnet has been modelled through 
balanced chemical reactions consuming clinopyroxene (esseneite and hedenbergite 
components) together with other phases such as meionite, plagioclase, quartz and 
calcite (table 7.7; section 7.2.6). These reactions are all of decarbonation-type and 
imply the presence of Si0 2 dissolved and removed in the fluid phase during garnet 
formation. There is a positive correlation between XMg  compositions of coexisting 
polygonal garnet-clinopyroxene pairs (table 7.6) indicating that the formation of 
garnet was mainly controlled by the local rock composition, implying that fluid 
fluxes were not high. 
Lithology Event Chr. Temperature Fluid 
Calcsilicates Mi T>821f C aCO2 <0.5 
Calcsilicates Post-Mi High-T grt T>82dC aCO2<0.6 
Calcsilicates Post-Mi 2m Low-T grt I T660-71d2C aCO2 =0.02-0.15 
Table 9.2: Summary of temperature-fluid evolution of the calcsilicates with respect to the main Ml 
event. 
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9.4 TEMPERATURE AND FLUID CONDITIONS DURING POST-Mi 
METAMORPHISM 
Mineral reactions that occurred during retrograde metamorphism mainly involved the 
formation of andradite-rich garnet as rims and symplectites on initial polygonal 
minerals or as veins and fracture networks. Less commonly anorthite + calcite form 
symplectites on scapolite, whilst late clinozoisite or Ca-poor scapolites with 
EqAn=47-50 (figure 7.2) have formed as veins or cross-cutting porphyroblasts on 
coarser mineral aggregates. 
Secondary garnet rarely developed under high-temperature, near peak, conditions but 
more commonly formed late in the retrograde evolution and at lower temperature. In 
Tithe formation of garnet2 took place at high temperature as its development pre-
dates the breakdown of scapolite; its conditions of formation are constrained at 
T>820°C at aCO2<0.6 (figure 8.8b and table 9.1). Conditions of formation of the 
more common low-temperature garnet in the other textural types (T2, T3, T4 and 
T6) are constrained to T=657-710 °C and aCO2 0.02-0.15 (table 9.1). A summary of 
the T-fluid evolution of the calcsilicates is presented in table 9.2. 
9.5 FLUID INFILTRATION AND SiO 2 METASOMATISM DURING 
RETROGRADE METAMORPHISM 
Retrograde metamorphism in the calcsilicates took place in the presence of H 20-rich 
fluid. Mineral reactions were mainly open-system, involving the transfer of Si0 2 into 
or away from the reaction site (e.g. Harley and Buick, 1992). There is both textural 
and compositional evidence for fluid infiltration and 5i0 2 metasomatism. Textural 
evidence for fluid infiltration and open system behaviour includes: 
Hydration textures in the gneiss and pelites adjacent to strongly retrogressed 
calcsilicates (section 6.5). 
Formation of quartz + calcite veins intersecting the calcsilicates (section 6.4.4.2, 
figure 6.19; section 6.4.2.2, figure 6.13). 
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3) Formation of andradite-rich secondary garnet in veins and fracture networks, 
together with the development of secondary garnet rims on polygonal grains in rock 
volumes adjacent to the veins and fractures (section 6.4.3; 6.4.4.1; figure 6.15; figure 
6.17). 
Compositional evidence involves the formation of retrograde minerals whose 
development cannot be explained with closed-system reactions: 
Formation of Ba-rich K-felspar lamellae in the anorthite + calcite symplectites 
replacing scapolite in Ti (section 6.4.2.1). Although some K can be hosted in 
scapolite it would not be enough to account for the formation of all the observed K-
feldspar. Moreover Ba is absent in the other phases. 
Formation of albite (P1 2) along garnet fractures in T3 (section 6.4.3). Although 
some Na can be accommodated in either clinopyroxene or scapolite, their contents 
are not high to explain the presence of later albite. 
Formation of Fe-oxide or Fe-Cu-bearing suiphides such as pyrite and calcopyrite 
in retrograde garnet-bearing veins (section 6.4.4.1). 
Retrograde garnet is andradite-rich and there is no correlation between this and the 
XMg compositions of co-existing clinopyroxene (table 7.6). This suggests that its 
formation was mainly externally controlled. Moreover, the composition of retrograde 
garnet within the same specimen varies according to its microstructural position. For 
example in VH526 garnet2 a  that developed along fractures is more andradite-rich 
than the coeval garnet2b that developed as rims far from the fractures. 
Textural evidence for Si02 metasomatism includes: 
1) The occurrence of abundant quartz together with amphibole along grain 
boundaries in both the gneiss and pelites adjacent to the calcsilicates (section 
6.4.4.2). 
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2) Formation of quartz + calcite veins intersecting the calcsilicates (section 6.4.4.2, 
figure 6.19; section 6.4.2.2, figure 6.13). 
Compositional evidence involves the formation of retrograde minerals whose 
development cannot be explained by reactions taking place in closed system, but 
instead require the addition or removal of Si0 2 and in some cases CaCO3. The 
formation of retrograde andradite-rich garnet has been modelled through balanced 
chemical reactions consuming clinopyroxene (esseneite and hedenbergite 
components) together with other phases such as meionite, plagioclase, quartz and 
calcite (table 7.7). These reactions involve both carbonation and decarbonation and 
can both consume or produce Si0 2 and CaCO3. 
In most cases Si02 is produced but despite this quartz is not observed in the 
retrograde textures in the calcsilicates. This paradox is resolved if Si0 2 is removed as 
a solute to be precipitated elsewhere. 
9.6 TIMING OF RETROGRADE METAMORPHISM 
The timing of retrograde metamorphism with respect to the D2 event is unclear. 
Snape (1997) claimed that M2 event took place under amphibolite-facies conditions 
as indicated by the development of homblende + biotite on granulite-facies 
assemblages, and by the replacement of clinopyroxene, orthopyroxene and 
plagioclase by hornblende in the gneisses of the Crooked Lake Gneiss Group. The 
formation of most of the retrograde garnet occurred at T=657-710°C and aCO2 0.02-
0.15 corresponding to the upper amphibolite-facies and therefore this garnet may 
well have formed during M2. Earlier secondary garnet instead developed at much 
higher temperature, T>820°C at aCO2<0.6, and therefore outside the M2 but post-Di 
conditions. It is therefore possible that retrograde garnet formation and the associated 
fluid infiltration started soon after Ml and continued during M2. Mafic dykes in the 
northern part of the Vestfold Hills are unaffected by retrograde metamorphism 
indicating that fluid infiltration ended prior to their emplacement which started at 
2475 Ma. 
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This issue of timing could not be resolved in this study, which utilised samples 
collected previously and generally without the detailed structural information 
required to relate texture to D-M events. Further verifications are needed to clarify 
the grade of M2-D2. 
9.7 SOURCE AND EXTENT OF FLUID INFILTRATION 
Calcsilicates are only a minor component of the Vestfold Hills basement, as they 
constitute less than 0.1% of the rock volume. As a consequence they are potentially 
sensitive to even a small amount of fluid infiltration (in terms of bulk fluid/rock 
ratios). Hence, large volumes of fluids are not required to produce the texture 
described in the calcsilicates as this lithology would preferentially react to the 
infiltrating fluid. However, it has to be pointed out that hydration effects are 
observed also in other lithologies as amphibole is commonly developed in the gneiss 
during M2. Unfortunately, it is not possible to quantify the actual fluid-rock ratios or 
fluid fluxes as the detailed geometrical relations between the calcsilicates and the 
embodying gneisses are not well constrained. 
The most likely source for the fluids causing retrograde hydration is the magmatism 
that produced the protolith of the Crooked Lake Gneiss Group. Such magmatism 
occurred over the period 250 1-2475.3 Ma and mainly predates the M2 event. Water-
rich fluids released during the pluton emplacement and crystallisation could be 
responsible for the formation of the early high-temperature secondary garnet at 
T>820°C at aCO2<0.6. Residual magmatic fluids produced from the youngest 
Crooke Lake Gneiss bodies (e.g. 2475 Ma) could instead be responsible for the 
formation of the largely fracture controlled later low-temperature garnet formation at 
T=657-710°C and aCO2=0.02-0.15 
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10 Conclusions 
10.1 INTRODUCTION 
The Vestfold Hills is one of three major Archaean to Palaeproterozoic cratons that 
occur in the East Antarctic Shield. It is composed of orthogneiss and less abundant 
paragneiss and the magmatic precursors of the orthogneiss were emplaced into the 
crust in several pulses mainly before and during the two main metamorphic events at 
2496.3 Ma (Ml) and at 2475.3 (M2). 
Mineral assemblages in the gneiss of the Vestfold Hills have been used previously to 
estimate the P-T conditions of metamorphism for Ml and M2, with conflicting 
results. Whereas Collerson & Sheraton (1986) estimated P-T conditions in the range 
8-10 kb and 900-1050°C for Ml, Harley (1993) obtained peak Ml conditions of only 
830-880°C at P<8.5 bar from sapphirine granulites of the Taynaya Paragneiss. There 
are also contrasting estimates for the M2 event. Whereas Collerson and Sheraton 
(1986) estimated P-T conditions in the range of 750-850°C and 6-8 kb, Snape (1997) 
claimed that the M2 event took place under upper amphibolite-facies conditions. 
Finally, the fluid conditions attaining metamorphism in Ml and M2 have not been 
previously investigated. 
In this work a suite of paragneisses and calcsilicates from the Chelnok Paragneiss 
has been investigated in order to better constrain the P-T conditions of peak 
metamorphism, and document the post-peak fluid-rock interaction history. The 
results of this investigation are presented in the following sections. 
10.2 PEAK TEMPERATURE ESTIMATES FOR THE Ml 
METAMORPHIC EVENT 
Conventional thermometers that rely on Fe-Mg exchange equilibria have been 
demonstrated to seriously underestimate peak metamorphic temperatures in 
granulites (Harley, 1989, 1998a; Chacko & Frost, 1989; Pattision & Begin, 1994; 
Fitzsimons & Harley, 1994). Hence, in this study peak temperatures for the Di-Mi 
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metamorphism in the Vestfold Hills have been estimated using reintegrated 
compositions of exsolved pyroxenes and exsolved alkali feldspars from gneisses and 
using the composition of scapolite in calcsilicates. The key results are: 
Reintegrated compositions of pre-exsolution pigeonite and Fe-augite in a meta-
ironstone yield temperature estimates of 860-930°C using the two-pyroxene 
thermometer of Lindsley (1983). 
Reintegrated compositions of perthitic feldspars give minimum estimates of 
860±30°C for a pre-Mi metamorphic event using the two-feldspar-thermometer 
(Fuhrman & Lindsley, 1988; Lindsley & Nekvasil, 1989; Elkins & Grove, 1990) 
Peak temperatures of Ml are also constrained to be >820°C by the stability of 
meionitic scapolite (EqAn=82) in the calcsilicates (Goldsmith and Newton, 1977; 
Oterdoom and Gunter, 1983; Baker and Newton, 1994). 
In summary peak temperature conditions during Ml are constrained to be 860±30°C 
(table 10.1). 
Event Temperature Pressure Fluid 
MI 860±30°C 7.6±1.2 kb aCO2 <0.5 
Post-MI 600-700°C 6±1  kb aCO2 O.02-0.I 5 
Table 10.1: Summary of P-T-fluid conditions of the Vestfold Hills. 
These results support those of Harley (1993) for the Taynaya Paragneiss but rule out 
the extreme T conditions proposed by Collerson & Sheraton (1983): the Vestfold 
Hills is not an example of UHT metamorphism. 
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10.3 SYN-PEAK PRESSURE ESTIMATES FOR THE Ml 
METAMORPHIC EVENT 
The presence of the main Ml metamorphic event in the Vestfold Hills has been 
constrained using a suite of garnet-orpthopyroxene gneisses and a spinel-corundum-
bearing pelite. The key results are: 
Pressures of 7.6±1.2kb are calculated using retrieval methods based on Fe-Mg-Al 
relations in orthopyroxene coexisting with garnet in the garnet-orthopyroxene 
gneisses when the phase Fe/Mg ratios are readjusted to yield T=850°C. 
Pressures of 7.8-9.1 kb at 860±30 °C have been estimated for the assemblage 
spinel + sillimanite + garnet + corundum using the internally consistent 
thermodynamic data set of Holland & Powell (1998) together with the activity-
composition relations of Holland and Powell (1998). 
Using both the above constraints, Ml is inferred to have occurred at pressures of 
7.6±1.2 kb. This is an important improvement on the much wider pressure 
constraint produced by Harley (1993) and is consistent with pressures that were 
considered to represent M2 by Collerson and Sheraton (1986). 
10.4 POST-Mi METAMORPHIC RE-EQUILIBRATION 
Retrograde metamorphic conditions were estimated using two-pyroxene 
thermometry on late-Di to post-Di pyroxene neoblasts replacing coarser exsolved 
pyroxenes in a metaironstone. Thermobarometry was also applied to post-Mi garnet-
quartz symplectites that developed around coarser orthopyroxene and garnet. The 
key results are: 
1- Application of the graphical two-pyroxene thermometer (Lindsley, 1983) to 
pyroxene neoblasts yields temperatures of 700-600°C. These, estimates must be 
regarded as minima given the propensity for the pyroxenes to re-equilibrate down-
temperature in both Fe-Mg and Ca-Mg. 
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Conditions of 6.0±1.0 kb at 600-660°C (table 10.1) were estimated for the 
formation of garnet-quartz symplectites using garnet-orthopyroxene-plagioclase-
quartz barometers calibrated in the Fe-system (GAFS: Bohien et al., 1983; Essene, 
1988; Moecher et al., 1988) and the Mg-system (GAES: Perkins & Newton, 1981; 
Essene, 1988; Eckert et al., 1991). 
Using both the above constraints it is inferred that the Vestfold Hills experienced a 
post-Mi peak re-equilibration at 6.0±1.0 kb at 600-660°C (table 10.1). 
10.5 FLUID CONDITIONS DURING THE Ml EVENT 
The presence of a fluid phase during Ml metamorphism is testified by the formation 
of bi-metasomatic layers at the contacts between calcsilicates and country rocks 
(section 6.4.4.2; figure 6.19). Initial coarse-grained granoblastic assemblages, that 
are interpreted to have formed at peak conditions, have been used to constrain fluid 
composition during the Ml episode through the use of activity-corrected grids in a 
simplified CASV system. Fluid composition at metamorphic peak was estimated to 
be aCO2<0.5 at T<850 °C. 
Mineral zoning relationships together with balanced chemical reactions indicate that 
coarse prograde garnet formed through the consumption of clinopyroxene in 
calcsilicate lithologies. Balanced chemical reactions indicate that CO2 was released 
during the formation of garnet and imply the presence of dissolved Si02 in the fluid 
phase during garnet formation. However, the positive correlation between XM g 
compositions of coexisting polygonal garnet-clinopyroxene pairs indicates that the 
formation of garnet was mainly controlled by the local rock composition and hence 
that fluid availability was limited 
10.6 TEMPERATURE AND FLUID CONDITIONS DURING 
RETROGRADE METAMORPHISM 
Calscilicates display retrograde reaction textures involving the formation of 
andradite-rich garnet, both in veins and fracture networks and as rims around coarser 
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grains. Other retrograde textures involve the formation of anorthite + calcite 
symplectites on initial scapolite and of clinozoiste and Ca-poor scapolite in veins or 
randomly oriented porphyroblasts. 
These textures have been interpreted using activity-corrected grids in a simplified 
CASV system. The formation of retrograde andradite rich-garnet was modelled 
through the construction of balanced chemical reactions involving the consumption 
of garnet. 
The textural analysis together with the application of activity-corrected grids and the 
construction of chemically balanced reactions all point towards the presence of 
infiltrating low aCO2 fluid together with Si02 metasomatism mainly involving the 
loss of SiO2  to the fluid. Moreover, the composition of retrograde garnet indicates 
that its formation was mainly externally controlled. 
Two main episodes of fluid infiltration affected the calcsilicate during retrograde 
metamorphism. The first episode is minor. This episode involve the formation of 
high-temperature secondary garnet at T>820 °C at aCO2<0.6 (table 10.1). The second, 
major episode, occurred at T660-710°C and aCO2 0.02-0.15 (table 10.1). The 
second and dominant retrograde event is responsible for most of the late garnet 
growth in the calcsilicates and for amphibole development in adjacent gneiss. 
Fluid infiltration occurred prior the intrusion of the first dyke of the Vestfold Dyke 
Swarm which is older than 2240 Ma (table 2.1). The most likely source for the fluids 
is the magmatism that produced the protolith of the Crooked Lake Gneiss Group. 
Such magmatism developed in pulses over the period 250 1-2475.3 Ma and mainly 
predates the M2 event and amphibole formation in many lithologies. Fluid 
availability is considered to have been episodic, a speculation that requires testing 
using geochronology of carefully selected samples. 
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10.7 SCOPE FOR FUTURE WORK 
Define and constrain M2. 
Isotopic fingerprinting of fluid sources 	on carbonates and gamets). 
Cooling ages on homblende + biotite, sphene, etc. to constrain time of formation 
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2 Solid-solutions models for calcsilicates 
2.1 Epidote. 
The clinozoisite component in epidote was calculated using the model of Holland & 
Powell (1996) and the computer program a-x 
(http://www.esc.cam.ac.uk/astaff/holland/ax.html).  
2.2 Garnet. 
The grossular component in garnet was calculated using the model of lEngi & Wersin 
(1987) with the correct formulation after Harley & Buick (1992). 
agrs  = x 2 exp [Xanci2 (Wand + 2X (Wgrs Wand))/RT] 
aand = Xand2  exp [Xand2 (W + 2Xand (WandWgrs))/RT] 
T in Kelvin 
W = 12.906 kj/mol 
Wand = -49.9 10 kj/mol 
2.3 Plagioclase. 
The anorthite component in plagioclase was calculated using the model of Aranovich 
and Podlesskii (1989). 
RTlnaan = RT1flXCa + (1 ACa)2 [WCaNa + 2X a (WNaCa - WCaNa)] 
The value of R depends upon the unit of measure in which the interaction parameters are expressed 
and can be: 
R = 0.0083 143 kJ*K'* mol' 
R = 8.3143 J*K'*moF' 
R= 1.9872 cal*Ki*mor' 
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T in Kelvin 
WCaNa = 1980 (±800) - 1.526 (± 0.478) T (callmol) 
WNaCa = 6860 (±800) - 3.784 (± 0.916) T (callmol) 
2.4 Scapolite. 
The meionite component in scapolite was calculated using the model of Oterdoom & 
Gunter (1983). 
amej = Xmei exp [W/RT] (1- Xmei)2 1 
Xmei = Xme i 
T in Kelvin 
W=-34040 + 27.273 (cal/mo!) 
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Cations and end-members calculations 
Mineral analyses were obtained with the CAMEBAX Microbeam wavelength-
dispersive microprobe at the Grant Institute, School of Earth, Environmental and 
Geographical Sciences, University of Edinburgh. The accelerating voltage was 20kV, 
the beam current 25nA and the beam size of ljLm. 
2.1 Calculation of Fe3 , XMg and members 
2.2 Gneiss 
2.2.1 Calculation of XMg  and XMg* 
XMg and were calculated as follows: 
XMg M(Fe+Mg) 
X g*MgI(Fe2 +Mg) 
2.2.2 Calculation of Fe 3 and of end members for pyroxenes in 
\TH543 
F3  and of end members for pyroxenes were calculated according to the procedure of 
Lindsley and Andersen (1983) that is here reported: 
Fe3 
Altot = Al + Al and octahedral and tetrahedral Al were calculated according to 
the following site balance: 
Al = 2-Si; 
Fe3 is then estimated as follows: 
Fe3 " = Al + Na2 - Al" - Cr" - 2T1 4 " 
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End members 
Clinopyroxene 
Clinopyroxene components are calculated as follows: 
Ac = NaFe3 Si2O6 = Na or Fe3 , whichever is smaller; 
Jd NaAlSi206  = Al or any remaining Na, whichever is smaller; 
FeCaTs = CaFe3 AlSiO6 (esseneite) = remaining Fe 3 ; 
CrCaTs = CaCr 3+  AlSiO6 = remaining Cr; 
A1CaTs = CaAIA1SiO6 = remaining Al; 
For augite, "Ca" = Ca; for pigeonite, "Ca" = 2 - (Fe 2 + Mg). 
Wo = ("Ca" + Ac - A1CaTs - FeCaTs - FeCaTs - CrCaTs)/2 
En = [(1-Wo)(1-X)] 
Fs = X(1-Wo) 
Where X = Fe2 /(Fe2 + Mg) 
Orthopyroxene 
The Mg and Fe to be used for the calculation of end members were calculated as 
follows: 
gremainin = Mgt0t - [(1 —X)Ti] - [(1 - X)Fe 3 ]; 
Fe remaining = Fetot - Fe 3 - XTi - XFe3 ; 
Ca = Ca; 
Where X = Fe 2 /(Fe2 + Mg); 
Mg-maining and Feremammg are the remaining Mg and Fe after the extraction of some 
pyroxene components. 
Feremaming and Ca were then normalised to 1. 
Wo = Wo = Ca / (Mgremalfllfls + FeT "'5  + Ca); 
En = grefliflifl / (Mgrema1nIn + Ferema1nIn  + Ca); 
Fs = Feremaining / (Mgrdhln + Feremain ing + Ca). 
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2.2.3 Calculation of Fe3 and of end members for pyroxenes in 
VH546A, VH546C, VH207B and VH208 
2.2.3.1 Calculation of Fe3 
Cation numbers were normalised to the ideal cation number per formula unit of 4 and 
then Fe3 was estimated using the following expression: 
Fe3 = 2X-S 
Where X = 6, that is the number of oxygens. S is the total cation charges prior to 
normalisation. 
2.2.3.2 Calculation of XAI  and of XAI* 
XAI represents the Mg-Tschermaks' (MgAlAl 1"Si06) component in pyroxene. Al in 
pyroxenes can be allocated into two sites named as T and Ml. The Al allocated into 
the T-site is in tetrahedral coordination and is commonly marked as Ally.  The Al 
allocated into the Mi-site is in octahedral coordination and is commonly marked as 
Al"1 . 
Harley and Green (1982) and Harley (1 984b) calibrated their barometers for 
MgOA1203 -Si02 (MAS), FeO-MgOA1203-Si02 (FMAS) and CaO-FeO-MgOA1203-
Si02  (CFMAS) system and defined the Mg-Tschermaks' component in pyroxene as: 
x Ml 	vi_ 
A1TOT 
Al or 'Al -  
2 
However, in real systems orthopyroxene may contain other elements such as Ti, Fe 3 
and Cr, which will "lock" some of the Al in other components different from the Mg-
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Fe-Tschermaks' MgFe3 "Al"SiO6 
As a consequence, the Ti-, Cr and Fe 3 -Tschermaks' components must be extracted 




A1 or AAI - 
A/TOT —2Ti—Cr—Fe3 
2 
The reduction of the XAI  value is that the Harley and Green (1982) and Harley 
(1 984b) barometers will yield higher pressures, whilst Al-based thermometers, such 
as Aranovich and Berman (1997), will yield lower T. 
XAI * was instead calculated neglecting Fe 3 : 
Al T0T —2Ti—Cr 
XAIMI  or XAI' =  
2 
2.2.3.3 Calculation of end memebers 
The end members were calculated as follows: 
Wo = Ca / (Mg + FetOt + Mn + Ca); 
En = Mg / (Mg + Fetot + Mn + Ca); 
Fs = Fetot + Mn / (Mg + Fetot  + Mn + Ca). 
2.2.4 Calculation of Fe 3 and of end members for garnets in 
VH546A, YH6C, \TH207B and VH208 
2.2.4.1 Calculation of Fe 3+  
Cation numbers were normalised to the ideal cation number per formula unit of 8 and 
then Fe3 was estimated using the following expression: 
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Fe3 = 2X-S 
Where X = 12, that is the number of oxygens. S is the total cations charges prior to 
normalisation. 
2.2.4.2 Calculation of garnet end members 
End members were calculated as follows: 
Aim = Fetot / (Fetot + Mg + Mn + Ca) 
Pyr = Mg / (Fetot + Mg + Mn + Ca); 
Sps = Mn I (Fetot + Mg + Mn + Ca); 
Grs = Ca / (Fe2 + Mg + Mn + Ca). 
Fe3  was neglected in the calculation of the garnet end members. 
2.2.5 Calculation of feldspar end members 
Feldspar end members were calculated as follows: 
Ab = Na / (Na + Ca + K + Ba); 
An = Ca / (Na + Ca + K + Ba); 
OrK/(Na+ Ca+K+Ba); 
Cs=Ba/(Na+ Ca+K+Ba); 
2.2.6 Calculation of Fe 3 and of spinel end members 
Fe3  was estimated using a site balance calculation as follows: 
Fe3 = 2 — (Al + Cr + Ti) 
Where Ti, Al, Cr, Fetot, Mn and Mg have been normalised to a total of 3. Mole 
fractions of hercynite, galaxite, spine!, chromite, magnetite and ulvospinel were 
calculated as follows: 
Xh = Fetot - 1 .5Fe3+ - 2Ti - (Cr/2); 
Xgai = Mn; 
X,1 = Mg; 
Xchr = Cr12; 
Xmag  Fe3 /2 
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Xusp = Ti. 
The gabnite component (X gah = Zn) was not calculated since qualitative x-rays 
analysis indicated no Zn content. 
2.3 Calcsilicates and adjacent gneiss 
2.3.1 Calculation of Fe3 and structural formula of amphibole 
Amphibole structural formula and Fe 3+ were calculated according to Leake et al. 
(1997). Cations normalised to cations)=13 without Ca, Na and K. 
2.3.2 Calculation of Fe3 of end members of epidote 
All Fe in epidote was considered to be Fe 3 . The pistacite content was calculated as 
follows: 
Xp %= 1 OO*((Fe 3 7(Fe3 +A1))/O.3 3) 
2.3.3 Calculation of scapolite end members 
The equivalent anorthite content (EqAn) of scapolite are based on the ratio of 
aluminium to silica and it is: 
EqAn= 1 OO(Al-3)/3 
Aluminium is the number of aluminium cations per formula unit after normalisation 
to a total of 12 silicon and aluminium cations (Orville, 1975; Ellis, 1978). 
Meionite percentage (Me) was calculated as follows: 
1 OO*(Ca+Mg+Fe+Mn+Ti)I(Na-I-K+ Ca+Mg+Fe+Mn+Ti) 
after normalising all the cations to a total of 12 silicon and aluminium cations (Shaw, 
1978; Deer et al., 1963; Evans et al., 1969). 
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2.3.4 Garnet 
Fe3  was estimated using the procedure of Droop (1987). Cation numbers were 
normalised to the ideal cation number per formula unit of 8 and then Fe 3 was 
estimated using the following expression: 
Fe3 = 2X(1-T/S) 
Where X = 12, that is the number of oxygen. S is the total of cations prior to 
normalisation. T is the ideal number of cations per formula unit and in this case is 8. 
Garnet end members were calculated according to Deer et al. (1963): 
Al* = Al-(3-Si) 
Aim = Fe2 / (Fe2 + Mg + Mn + Ca); 
Pyr = Mg / (Fe 2 + Mg + Mn + Ca); 
SpsMn/(Fe2 +Mg+Mn+Ca); 
And = Fe3 /(Fe3  + Al*) 
Grs = [Ca / (Fe 2 + Mg + Mn + Ca)]-And 
2.3.5 Pyroxene 
Fe3 
Altot = Al' + Al and octahedral and tetrahedral Al were calculated according to 
the following site balance: 
Al = 2-Si; 
Fe3 is then estimated as follows: 
Fe3 '0  = Al + NaM2) - Al("D - Cr" - 2Ti4'D 
The end members were calculated as follows: 
231 
Appendix 2 
	 Cations and end members calculations 
Wo = Ca / (Mg + Fetot + Mn + Ca); 
En = Mg / (Mg + Fetot + Mn + Ca); 
Fs = Fetot + Mn / (Mg + Fetot  + Mn + Ca). 
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Opx 1 Opx 1 Opx 1 Opx 1 jOpx, Opx 1 Opx 1 Opx 1 Opx 1 Opx 1 Opx 1 
Opx 1 Opx 1 
Position CPX2a CPX28 CPX2a Cpx28 CPX2a CPX2a CPX2a CPX2a CPX2a 























































































































































































Al________ 0.071 0.064 0.065 0.069 0.062 0.073 0.070 0.06 0.068 0.071 0.066 0.07 
0.06 
Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.00 0.001 0.001 0.000 0.00 
0.000 
Fe3+ 0.056 0.058 0.054 0.054 0.062 0.063 0.047 0.045 0.041 0.034 0.041 0.04 0.04 
Fe2+ 0.748 0.703 0.682 0.694 0.676 0.707 0.703 0.67 0.719 0.701 0.692 0.67 0.716  
Mn 0.00 0.003 0.004 0.00 0.00 0.005 0.005 0.004 0.005 0.00 0.005 0.004 0.00 
Mg 0.331 0.329 0.339 0.33 0. 0.338 0.335 0.337 0.343 0.33 0.337 0.347 0.350 
Ca 0.854 0.908 0.914 0.903 0. 0.890 0.893 0.921 0.873 0.90 0.907 0.915 0.868 
Na 0.017 0.0 0.019 0.01 0.01 0.017 0.019 0.019 0.017 0.01 0.017 0.017 0.017 
K 0.00 0.000 0.000 0.000 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 4.02 4.02 4.027 4.027 4.031 4.032 4.024 4.023 4.02 4.017 4.020 4.025 4.024 
Wo 41 43 44 43 44 42 43 45 42 44 44 44 42 
En 18 18 19 19 19 19 18 18 19 18 18 19 19 
Fs 41 3 37 3 37 39 38 37 39 38 38 37 39 
XM9  0.291 0.30 0.32 0.31 
0.31 0.30 0.31 0.32 0.31 0.31 0.3 0.32 0.31 
uj 
Phase Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene 
Pyroxene Pyroxene Pyroxeno Pyroxene Pyroxene Pyi-oxene Pyroxene Pyroxene 
Thin section VH543 Vl-1543 VH543 VH543 VH543 VHE43 '/1-1543 VH543 VH543 VH543 
VH543 VH543 VH543 VH543 VH543 VH543 VH543 
Opx 1 Opx1 Cpx 1 Opx1 Opx 1 Opx 1 Opx 1 Opx 1 Opx 1 Opx 1 Opx 1 Opx1 
Opx 1 0 px1 Opx 1 0px1 Opx 1 
Position OPX2 a OPX2 1 OPx2a OPX2 a OPX2 a OPX2a OPX2a OPX2 a OPX2 a 
OPX2a OPX2a Opx23 OPX2 a 0px2 CPX3 a CPX3 a °P3a 
S102 46.53 46.36 46.78 46.31 46.46 46.3 46.92 46.95 
46.76 46.3 46.92 48.84 46.97 46.76 46.33 46.97 
1102 0.09  0.08 0.10 0.08 0.07 0.01 0.08 0.09 0.08 
0.07 0.07 0.07 0.08 0.07 0.09 
A1203 0.7  0.68 0.74 0.91 0.6 0.97 0.73 0.77 0.84 
0.6b 0.84 0.65 0.80 
Cr203 
POn. 
 0.0 0.00 0.01 0.01 0.0 0.03 0.0 0.00 0.01 
0.01 0.00 




44. 44.28 44.1 
MnO 0  0.3 0.31 0.31 0.32 0.30 0.3 0.2 030 0.29 
0 0. 0.29 0.3 
MgO 2 T4 6.4 6.31 6.35 6.50 6.33 6.64 6 6.5 6.10 
6. 6. 6.10 6.77 
CeO 1.60 1.5 0. 	4 0.78 0.85 0.83 1.06 0.93 1 0.8 0.59 
0 0.85 0.59 0.60  
Na2O 0.02 0.03 0.03 0.02 0.01 0.00 0.03 0.02 0.04 0.03 0.04 
0.02 0.041 0.02 0.03 0.04 0.02 
K20 0.00 0.0 0. 0.00 0.00 0.00 0.01 0.0 U 0.0 0.00 
0.08 0.00 0. 0. 0.01.) 0.00  
Total 99.11 .2 99.71 99.51 99.41 99.28 99 0 99.1 98.3 
99.55 103.36 78 98.36 99.70 
Ji 1.963 1.965 •T5 1. 1.95 1.95 1.954 1. Tb T. 6 1.97 1.96 1.970 T. 
1.972 To 
ii 0.003 0.0 = 0003 0.003 0.003 0.002 0.002 00 0Db . 0.00 0.002 0.002 0.003 •. 0 0.002 0  
Al 0.037 _0.035 0041 0.036 0.048 0.042 0.048 0.036 0.038 0.042 0.0331 
0.041 0.037 0.039 0.042 _0093 0.03 
Cr 0.000 _0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.0001 0.000 
0.001 0.000 0.000 oaoo 0.00 
Fe3+ 0.033 0.032 0.038 0331 0,044 0.037 0.041 0.0281 0.033 0.036 0.0221 0.026 0.022 
0.026 0.036 0.022 0.026  
Fe2+ 1.504 1.495 1.539 1.537 1,531 1.5331 1,516 1.5121 1.508 1.519 1.5541 1.511 
1,517 1.519 1.519 1.54 Ti 
rvi 0.011 0.011 0.012. 0.011 0.011 0.0111 0.011 0.0111 0.010 0.011 0.0101 0.011 0.011 0.011 0.011 0.0101 
0.011 
Mg 0.392 0.405 0.4061 0.395 0.399 0.4081 0.398 0.414 • 11 0.408 0.3871 0.418 0.418 0.422 
• 0 .408 0.387 0.422 
Ca 0.072 0.06 0.2 TO 0.038 0.037 0.048 0.042 4 0.038 0.02 0.03 0.030 0.027 0. 0.027 0.027 
Na 0.001 0.002 0.002 0,002 0.001 0.000 0.002 0.001 0.003 0.002 0.00 0.002 
0.0031 0.001 0.002 0.003 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0D0 0.000 0.00C 0.000 0.0001 0.000 
0.000 0.000 0.000 
Total 4.017 4.016 4.030 4.015 4.027 4.030 4.021 4.014 4.017 4.018 4.011 4.013 4,011 4.013 4.018 
4.011 4.013 
Wo 4 3  2 2 21 21 2 2 1 2  1 2 1 1 
En 20 21 21 20 20 211 2, 01 211 21 21 21 21 21 21 21 20 
21 
Fs 76 76 78 78 78 77 771 771 77 77 71 77 77 77 771 791 
77 







































Opx 1 cpx, : c, c, C 1 Cp 1 C px 1 Qx 1 Crx1 Cpx 1 Cpx 1 C 
c Cx 1 Cpx 1 



































































































































































































































































M 0.335 0.337 0.34 0.263 0.262 0.261 0.263 0.258 0.251 0.259 0.248 0.254 0.2591 0260 - 252 0 0.27 
Ca 0.9001 0.907 0.915 0.042 0.038 0.037 0.037 0.036 0.035 0.053 0.040 0.040 0.038 0040 - 054 0.063 0.04 
Na 0.016 0.0171 0.017 0.001 0.002 0.002 0.001 0.001 0.002 0.002 0.002 0.002 0.001 0001 0.003 0.003 0.00 
K 0.000 0.096 0.000 0.001 0.000 0.003 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.001 0.00 
Total 4.017 4.020 4.025 4.016 4.014 4.015 4.019 4.021 4.015 4.016 4.013 4.014 4.013 4017 4.017 4.0091 4.01 
Wo 44 44 44 2 2 2 2 2 2 3 2 2 2 2 3 3 
En 18 18 19 13 13 13 13 13 
0.131  
13 13 13 13 13 13 13 14 14 
Fs 38 38 37 84 85 85 85 85 85 84 85 85 85 85 84 83 84 
xmg 0.31 0.32 0.32 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.1: 0.13 0.13 0.14 
0.14 
Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene P,roxene Pyroxene Proxene 
Pyrene Pjroxene Pyroxene Pyroxene 
VH543 
VH543 VH543 VH543 VH543 VH543 VH543 VH543 VH543 VH543 VH543 VH543 VH543 VH543 
VH543 '11-1543 VH543 
Cp CPX 1 C 1 Cpx 1 Cpx1 C 1 Cpx CPX 1 Cpx1 Cpx 1 Cpx 1 Cp Cp 
Cpx Cç Cpx 1 Cpx 1 
CPX2b CPX CPX2b CPX2b 0 2b CPX2b cPX2b CPX2b a2b OPX3b OPX3b OPX3b OPX3b 
OPX3b O1X3b OPX3b OPX3b 
48.41 47.58 47.75 47.61 47.61 48.00 47.94 47.89 48.08 45.32 45.18 45.54 45.63 
45.4 45.32 45.34 94 
 
 0.03 0.09 0.08 0.11 0.11 0.08 0.09 0.10 0.10 0.0 0.02 0.00 0.01 
0.02 0.00 0.0 
P123 070 1.60 1.24 1.40 1.49 1.40 1.58 
0.01
1.61 1.52 0.6 
 
0.7 0.87 0.59 0.85 1.00 0.78 0.81 
0,0 0.01 0.0 0.0 0.0 0.01 0.0 002 002 0.0 0.0 0.00 0.08 
0.0 0.OU 0.0 2 
24.84 25.76 25.20 26.02 25.68 26.23 25.20 25.21 24.94 
Y6 
 
47.6 47.6 47.71 47,83 7.2 47.83 47.76 
0.15 0.14 0.15 0.13 0.16 0.17 0.16 0.11 0.14 0.34 0.33 0.35 0.33 
. 0.35 0.34 a 
3,89 3.67 3.Th 3.59 3.53 3.62 3.61 3.67 3.78 4.0 4.07 402 4.06 
4. 4.07 4,17 4. 
2120 20.13 20.8s 20.10 20.70 20,10 20,77 20.88 20,91 0.61 0,62 0.63 0.57 0. 
0.6 0.72 
0.1 0.18 0.1 0.1 0.18 0.19 022 0,21 0.21 0.02 0.0 0.00 0.04 
0.02 0.0 0.03 
 0.00 0.01 0.01 0.00 0.00 . 	0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.0 
0.01 0.0 0.01 
TOTAL 99,35 99.16 99.29 99.14 99.47 99,82 99.58 99.69 99.69 98.84 98.77 98.85 99.31 
98.91 98.9 99.17 98.64 
Si 1.968 1.942 1.947 1.94 1.940 1.948 1.94 1,941 1.946 1.957 1.953 1,966 1.959 
1.954 1,95 1,952 1.948 
-1i 000 0.00 0.00 0.00 0.003 0.003 0.003 0.00 0.003 0.001 0.001 0.000 0.008 0.00 
0.00 0.000 0.001 
Altot F. 0,071 0.059 0.067 0.072 0.067 0.07 0.071 0.07 0.040 0.044 0.030 - 0.043 0.051 0.04 0.041 0.035 
Cr 04000 0.000 0.001 OflO 0.000 •........2Q0 0.00 0.001 0.00 0.001 0.000 0.000 0000 0.000 0.00 
0.000 0.001 
Fe3+ 0.040 0.047 0.055 0,04 0.056 0,04 0.04 0.05 0.044 0,045 0,051 0.038 0042 
0.041 0.051 0.055 0.069 
Fe2+ 0.804 0.832 0,805 0 0.819 4 ,81 0.80 0.800 1.676 1,672 1. 1.676 1.65 
1.675 1.665 14660 
Mn 0005 0.005 04005 00 0.005 0,00 - .005 0.004 0.005 0.012 0,012 0.013 0,012 0.012 
0.013 0.012 0.013 
Mg 0.236 0.223 _08 02 0.215 .1 0,22 0.228 0.261 0.262 0. 0.260 0.275 04262 
0.267 0.278 
Co 0.92 0.880 fill 011 0,903 087 0.903 - 0,907 0,907 0,028 0.029 0 0,026 0.027 
0.028 0.033 0,028 
Na 0.01 0.014 
- 
fl14 - 00 0.014 0,01 0.017 0,01 0.01 0,002 0.002 0.00 0.003 0.002 0.002 0.001 0.002 
K 0.000 0,000 .000 - 0.0 0.00 0.00 0.000 0.00 0,000 0.000 0.001 0.00 0.000 0.00 
0.001 0.000 0.000 
TOTAL 4.02 4.023 'i,028 4.024 4.02 402 4.02 4.022 4.023 4.026 4.019 4,021 4.02 4.026 4.028 
4.035 
Wo 4 4 43 4 43 4 44 44 44  1 2 1 
1 1 2 1 
En 1 12 12 12 12 12 12 12 13 13 1 13 14 13 14 
14 
Fs 4 45 44 46 45 _46 44 44 44 85 85 85 85 85 85 85 
84 
xtvb 0.22 0.20 0,21 0.20 0,20 0.20 0.20 0,21 0.211 0.13 0.131 0.13 0413 0.141 0.13 0.13 0.14 
uj 
00 
Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene 
VH543 VH543 VH543 VH543 VH543 VH543 VH543 
Cpx 1 Cpx 1 Cpx 1 Cpx 1 Cpx 1 Cpx 1 Cpx 1 
PHASE CPX3b CPX3b CPX3b CPX3b CPXy CPX3b 
Si02 48.41 48.17 48.08 47.57 47.93 47.85 
Ti02 0.03 0.05 0.10 0.04 0.08 0.07 
A1203 0.70 0.68 1.52 1.64 1.44 1.31 
Cr203 0.00 0.02 0.02 0.00 0.02 0.02 
FeO 24.84 24.74 24.94 24.79 25.341 25.37 
MnO 0.15 0.15 0.14 0.13 0.131 0.15 
MgO 3.89 4.13 3.78 3.72 3.831 3.78 
CaO 21.20 21.20 20.91 20.60 20.44 20.78 
Na20 0.131 0.16 0.21 0.24 0.17 0.15 
K20 0.001 0.00 0.00 0.02 0.00 0.00 
TOTAL 99.351 99.29 99.69 98.75 99.38 99.47 
Si 1.968 1.960 1.946 1.944 1.948 1.94 
Ti 0.001 0.001 0.003 0.001 0.002 0.00 
Altot 0.033 0.033 0.073 0.079 0.069 0.063 
Cr 0.000 0.001 0.001 0.000 0.001 0.001 
Fe3+ 0.0401 0.057 0.044 0.049 0.0431 0.052 
Fe2+ 0.8041 0.785 0.800 0.799 0.8181 0.81 
Mn 0.005 0.005 0.005 0.005 0.005 0.005 
Mg 0.236 0.250 0.228 0.227 0.232 0.22 
Ca 0.923 0.924 0.907 0.902 0.890 0.905 
Na 0.010 0.012 0.016 0.019 0.013 0.012 
K 0.000 0.000 0.000 0.001 0.000 0.000 
TOTAL 4.0201 4.028 4.022 4.025 4.021 4.026 
Wo 45 44 44 44 43 43 
En 13 14 12 12 13 13 
Fs 43 42 44 44 44 44 



































Op Gx 1 Opx 1 Opx1 Opx 1 Opx 1 Opx 1 Opx 1 Opx1 Opx 1 Gpx 1 °ii Opx 1 Opx 1 cx 1 
Pition CORE CORE CORE CORE CORE CORE RIM RIM RIM RIM RIM RIM RIM RIM 
RIM 



































































































Na20 0.00 0.02 0.01 0.00 0.02 0.00 0.00 0.02 0.021 0.01 0.01 0.02 0.01 0.001 0.02 
K20 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.02 
Tctal 99.82 100.34 100.54 99.17 99.48 99.47 99.04 100.18 100.16 100.16 99.82 99.63 99.72 99.86 99.75 
Si 1.973 1.967 1.968 1.966 1.963 1.9571 1.969 1.965 1.967 1.978 1.969 1.965 1.957 11.962 . 1.968 
Ti Q001 0.001 0.001 0.000 0.000 0.001 0.00 0.002 0.001 0.001 0.002 0.001 0.001 0.001 0.001 
Al 0.035 0.035 0.034 0.045 0.043 0.049 0.038 0.036 ö 0.0341 0.033 0.03 0.037 0.038 0.040 
Cr 0.005 0.004 0.005 0.003 0.001 0.001 0.001 0.004 0.003 50 0.002 0.002 0.002 0.001 0.002 
Fe3+ 0.013 0.025 0.023 0.021 0.030 0.034 0.021 0.029 0.028 0.0061 0.025 0.031 0.047 0.034 0.022 
Fe2+ 1.033 1.027 1.031 1.052 1.050 1.046 0.959  0.962 0170 1.0131 1.000 1.003 0.999 1.013 1.020 
Mn 0.008 0.008 0.007 0.011 0.010 0.0111 0.007 0.007 0.008 0.0081 0.008 0"00 0.008 1 	.008 0.008 
Mg 0.9151 0.914 0.914 0.891 0.889 0.888 0.988  0.978 07 i4 0.944 0,939 0.934 0.925 0.921 
Ca 0.0171 0.016 0.016 0.011 0.011 0.012 0.016 0.0151 0.015 0.0151 0.016 0.013 0.013 0.016 0.014 
Na 0.000 0.002 0.000 0.000 0.002 0.000 0.000 0.001 0.001 0.001 0.001 0.002 0.001 0.00 0.001 
0.00 0.00 0.000 0.001 0.00 0.000 T0 0.000 00 0.00 0.000 0.000 o.ocx o.00 0.001 
TcaI 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 Töoo 4.000 4.000 4.000 4.000 4.000 4.000 
VV0 1  1 1 1 1 1 1 1 1 1 1  1 1  1 
En 461 46 46 45 45 45 50 49 49 47 47 47 47 46 46 
Fs 531 531 531 551 551 55 50 50 50 52 52 52 53 53 53 
XMg 0.4671 0.4651 0.4641 0.4541 0.4521 0.451 0.502 0.497 0.493 0.489  0.479 0.476 0.472 0.469 0469 
X. 0.014 0.014 0.013 0.0211 0.0211 0.0231 0.0171 0.0151 0. 015 0.011 0.0141 0.0161 0.0161 0.017 0.018 
Ni RIM Pxl RIM Pxl RIM F1 RIM - Pxl CORE Pxl CORE Pxl CORE Pxl CORE Pxl CORE Pxl CORE Pxl RIM Pxl RIM Pxl RIM Pxl RIM Pxl RIM Pxl Rivi Phase 
Thinsection 
Pxl RIM 
VH546C VH546A \11-1546A VH546A VH546A VH546C Vl-1546A VH546C VH546C VN546C 
VH546C Vi-1546C VH546C VH546C VH546C VH546CI VH546C 
Opx2 cpx2 0px2 Opx2 0p2 - Opx1 Opx1 Opx1 Opx1 0px1 Opx1 Opx1 Opx1 Opx1 Opx1 Opx1 Opx1 
Position CORE CORE CORE CORE cORE 
CORE RIM RIM RIM RIM RIM RIM 
S102 49.50 4970 49.55 49.48. 49.25 5022 50.101 49.95 49.73 
49.91 49.67 50.63 50.85 50.81 5023 50.30 09.50 
02 502 •T03 0.05 0.02 - - 0.05 0.05 0.03 0.03 0.03 0.03 0.03 0.04 0.031 0.01 0.02 0.04 
1203 • • - 1.0 1.14 0.75 0.80 0.80 0.75 0.86 0.93 0.79 0.94 0.76 
Cr203 002 0.01 0.03 0.01 0.03 = 0.05 0.11 0.11 0.17 0.09 0.16 0.09 0.07 005 0.09 0.12 0.07 
FeO 32,22 32.12 32.33 32 32.21 32.36 32.58 32.77 
33.02 33.08 32.93 30.68 30.77 31.31 31.30 31.47 31.99 
- ••• 0 . 28 2 - 0.2 0.30 0.3 0.25 0.26 0.28 0.18 0.2 -'7.24 0.24 0.22 MnO 
MgO 15.391 15 15.391 15.34 15.18 - 1548 1521 14.93 14.891 
14.87 14.821 16.70 16.60 16.30 16.07 15.861 15.85 
CeO 0.381 0.38 0.381 0.38 03 - 0.33 0 0.42 0.40 0.39 0.40 0.30 0.36 0.30 0.35 0.38 0.33 
Na20 - 0.011 •. 1 - 0.02 0.04 0. 0.01 0.0 702 0.00 G.02 0.03 0.03 0.02 0.01 
1<20 0.011 0 0.001 0.00 0.0 - 0.00 0.01 0.00 0.00 000 0.00 0.00 0.01 0.01 0.01 0.01 0.00 
Total 98.56 98.60 98.73 98.60 98.12 99.84 96 99.27 99.30 99.45 
99.06 99.47 99.87 99.87 99.13 99.35 96.77 
1.961 1.969 1.961 1.960 1.962. 1 .9631 1.962 1.972 1.964 1.968 1.966 1.9711 
1.972 1.976 1.969 1 1.972 
0001 0.001 0.001 0.001 0 0.0011 0.001 0.001 0.001 0.001 0.001 0.0011 0.0011 
0.0011 0.000 0 0.001 
0.034 0.034 0.033 0.035 0 - 0.049 70 0.035 0.037 0.037 0.035 0.0401 0.043 0.0371 0.037 0.0431 0.03 
Cr 0.001 0.000 0.001 a000 _0 0.0021 0.003 0 0.005 0.003 0.005 
0.0031 0.002 0.0021 0.003 0.0041 0.00 
Fe3 0.0431 0.027 0.043 0.044 0 0.021 0.021 0.018 0.029 - 0.027 0.015 0.010 0.0121 0.024 0.0141 aoi 
Fe2+ 1.0251 1. 	7 1.026 1.027 1.037 1.036 1.046 1.064 1.061 1.067 1.063 
0.984 0.988 1.0061 1.002 1.0171 1.02 
n 0.0091 0.009 0.010 0.009 0 0.009 0.010 0.010 0.008 0.009 
0.009 0.006 0.007 0.0071 0.008 0.0081 0.00 
0.9091 _0 0.907 0.906 _0 0.902 0,888 0 0.876 0.874 0.875 0.969 0.960 0.9451 0.939 0.9261 0.92 
a 0.0161 0.016 0.016 0.016 0.01 0,014 0.013 0.018 0.017 0017 0.017 0.013 
5 0.0161  014 
Na 0.0011 0.001 0.001 0.001 0.000 0.002 0.003 0.001 0.001 0.001 0.002 
0.000 0.002 0.002 0.002 0.002 0.001 
1< 0.0001 0.000 0.0001 0.000 0.0001 0.000 0.000 0.000 0.000 0.000 _000 0 
0.000 0.001 0,000 0.000 0.000 
Total 4.0001 4.000 4.0001 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
4.000 4.000 4.000 4.000 40 4.000 
Vo 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 
En 45 45 45 45 45 - 46 45 44 44 44 44 49 481 48 47 47 41 
Fs 54 54 54 54 54 - 541 54 55 55 55 55 51 51 52 52 52 53  
0.460 0.460 0.459 0.458 0.409 0.460 0.4541 0.448 0.446 0445 0.445 0492 0.490 0.481 0.478 0.473 
0.469 
Mg - 
XAr 0.016 0.016 0.015 0.017 0.016 - 0.023 0.023 0.015 0.015 0016 0.014 0.018 0.019 0.017 0.017 0.019 0.015 
1 
hase 
hin section VH207B VH207B VH2078 VH2O7B VH2O7B VH207B VH2O7B VI-1207B VH207B VH207B 
VH208 VI-1208 VH208 VH208 VH208 VH208 VH208 VH208 VH208 VH208 
osition CORE ORE CORE CORE CORE RIM RIM RIM RIM RIM 
























































































































































































































































































































































































































































































































































Mg 0.554 0548 0.553 0.553 0.548 0.559 0.557 0.556 
0.561 0.556 0.545 0.545 0.546 0.549 0.559 0.541 0.558 0.554 0.559 0.561 
AI 0.065 0.064 0.063 0.061 0.056 0.038 0.035 
0.033 0.028 0.027 04063 0.062 0.045 0.023 0.055 0.050 0.046 0.043 0.03 0.028 





    _______ ______ ______ ______ 	GARNET 	______ 
VH546A 	VH546A 	VH546A 	VH546A 	VH546A 	VH546A 	VH546A 	VH546A 	VH546A VH546A 	VH546A 	VH54t3A 	VH546A 	VH546A 	
VH546A 	\l-1546A 
Position Grt1 core Grt1 core Crt1 core Grt1 core Grt1 core Grt1 core Grt1 core Grt1 core Grt1 core Grt2 a Grt2 a Grt2 a Grt2 a Grt2


































































































































































Fe 2.1 2.11 2. 2.1 2.111 2.105 2.11 2. 2 2.094 2,040 2.094 2 2 	7 2.01 
Mn 0.04 0.0 0.04 0.04 0.0.4b 0.04 0.04 0.04 0.0 0.051 0.04 0.051 004 0 0.042  
Mg Ob 0.6 0.694 0.68 0.687 0.690 0.68 0.69 0.694 0.64 0 0.647 0 0.624 0.6221 0.571  
Ca 0.257 02 0.241 0.240 0.228 0.227 0.227 0.226 0.211 0.297 0.388 0.297 0.372 0.388 0.387 0.44 
otal 8000 8.000 8.00 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.50 8.000 8.00 
XMQ 0.247 0.246 0.248 0.245 0.246 0.247 0.246 0.247 0.247 0.236 0.225 
0.236 0.2341 0.237 0.235 0.221 
Fi 0.1661 0.167 0.111 0.144 0.127 0.105 0.110 0.120 0.110 0.141 0.106 0.141 0.072 0.081 0.098 0,128  
AIm 68 68 68 68 69 69 69 69 69 68 66 68 66 66 661 65 
Sps  1 1 1 1 1  2 1 2 2 2 2 1 1  1 
Pyr 22 22 23 27 27 22 22 23 23 21 19 21 20 20 
20 19 
Grs 8 8 8 8 7 7 7 7 7 10 13 10 12 13 13 15 
Phase 
Ehin section VH546A IVH546A 	VH546A IVH546A 	VH546A 	VH546A IVH546A 	VH546A IVH546A 
  ______ ______ ______ GARNET  
VH546A 	VH546A 	VH546A 	VH546A 	VH546A 	VH546A 	VH546A 
Position Grt2 Grt2a Grt2 Grt2 GIt2b Git2b Grt2b Grt2b 	I Git2b GIt2b Grt2b GIt2b Grt2b Grt2b Grt2b Grt2b 
$102 37.441 3742 34.86 34.86 36.98 36.94 36.81 36.281 
36.52 36.42 36.21 36.86 36.42 36.92 36.69 37.08 
1203 21.16 20.98 26.24 26.24 20.6 20.30 19.80 20.00 
19.94 20.68 20.94 20.96 
Cr203 0.01 0.02 0.071 0.07 0.04 0.03 0.00 0.27 0.30 
0.05 0.04 0.00 0.17 0.01 0. 0.00 
FeO 30.47 30.71 29.56 29.56 32.58 36 32.72 33.64 33.31 32.65 
8 30. 31.71 31.53 31. 30.44 
MnO 0.70 0.71 0.72 0.72 0.89 0.92 09 0.91 
0.87 94 0.75 0.72 0.77 
MgO 4.8 5.06 4.54 4.54 4.43 4.44 5 3.81 
4.14 4.3 4. 4.10 4.57 3. 4.44 
CeO 4.77 3.85 3.85 3.50 35 3.39 3.7 3.74 
4.19 3.5 4.87 4.52 5.59 
'otal 84 99.715 99.874 99.874 99.148 98.619 r37 98.76 
98.303 r9 98.744 99.277 2 99.342 
Si 2.9581 2.960 2.731 2.731 2.9 2.961 2. 2.9 2.956 
2.9 2.944 2.945 2.929 2.944 2.94 2.950  
0.002 0.002 0.002 00 0.002 0. 0.002 0 0.002 0.003 
0.001 0.003 0 5. 
T. 1.956 2.423 2.423 1.9 1.951 1. 1.901 1.908 T 1.919 1.972 1.961 1.968 194 
1.965  
Cr 0. 0,001 0.004 0.004 0.00 0.002 0.000 0.017 0.019 
0.0 0.003 0.000 0.011 0.00 00 
Fe 2.0131 2.032 1.93 1.937 2.1 2.191 2. 	7 2.2911 2.254 
. 2.045 2.133 2.103 5. 2.02 
Mn 0. 0.048 0.048 0.048 061 0.058 0. TO 0.066 0 0. 0.048 0.051 
0.048 .0 5 
MQ 0.5711 0.596 0.5301 0.530 0.529 0.521 0.533 0.4361 0.467 0.500 
0.528 0.539 0.492 0.544 0.459 0.52 
Ca 0.439 0.404 0.323 0.323 0.301 0.308 0. 0.3 0.324 03 
0 0.446 0.420 0.386 0.434 57 
otal 8.0001 8.000 8.0001 8.000 8.000 8.000 800 8.0001 8.000 8.000 8.50 
8.000 8.000 8.000 ". To 
XM 9 0221 0.227 0.215 0.215 0.195 0.192 0.195 0.160 
0.172 0.184 0.192 0.209 0.187 0.205 0.176 0.20 
Fe 0.111 0.121 0.1111 0.111 0.119 0.1291 0.131 0.1661 0.163 0.189 
0.1871 0.137 0.170 0.139 0.152 0.13 
\lm 66 66 681 68 71 711 71 73 72 71 71 
66 69 68 69 6 
Sps 2 2 2 21 2 21 2 2 2 2 2 
2 2 2 2 
Pyr 19 19 19 191 17 17 17 14 15 16 17 18 
16 18 15 17 
Grs 14 13 11 11 10 10 9 11 10 12 10 
141 14 13 14 15 
GARNET  
VH546C VH546C VI-1546C 	IVHWC vH546C VH546C VH546C VH546C VH546C VH546C IVH546C VH546C VH207B VH2076 VH2078 VH207B VH207B 
Grt2b Grt2b Grt2b Grt2b Grt2b Grt2b Grt2b Grt2b Grt2b Grt,b Grt2b Grt2b CORE CORE CORE CORE 
CORE 
37.48 37.34 37.39 37.29 37.4 37.5 37.5 36.97 37.1 74 37.70 37.19 36.94 37.14 •7.0 7.i 37.16 
20.68 20.77 20.59 20.61 20.60 20.48 20.8 20.65 20.5 6 20.74 20.78 20.79 .9 5.84 20.98 
0.37 0.23 0.36 0.52 . 0.4 0.3 - 0. 0.2 0.2 0.26 0.00 0 0 0.01 
32.55 32.55 32.89 34.05 33.431 33.20 33.31 33.59 33.13 33.47 33,341 33.34 "33A1 33.36 33A1 32.97 
0.87 0.78 0.84 0.87 0.80 0.83 0.79 0.85 0.82 0.87 0.88 0.86 1.78 1.8 1.8 1.84 1.77 
3.72 4.13 3.67 3.46 4.04 4. 3;! 3.4 6 3.2 3.37 5.71 .62 5.6 6 575 
4.83 4.61 4.53 4.10 3.94 3.91 4.00 4.45 4.46 4.27 4.67 4.89 0.81 0.80 0.78 0.81 0.99 
100.525 100.441 100.288 100.898 100.868 100.681 100.861 100.242 00,261 15.34 100-941 100.701 99.424 99.808 99.527 99.775 99.514 
2.972 2.957 2.977 2.960 2.969 2.973 2.964 2.944 2.963 2.976 2 2.952 2.947 2.952 2.952 2.956 2.96 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 0.000 0.002 0.002 0.002 0.001 0.003 
1.933 1.939 1.931 1.929 1.925 1.913 1.937 1.938 1.930 1.940 1 1.944 1.954 1.963 1.959 1.953 1.970 
0.023 0.015 0.023 0.033 0.025 0.029 0.023 0.018 0.015 0.019 0.017 0.016 0.000 0.000 0.001 0.000 0.00 
2.159 2.156 2.190 2.261 2.249 2 2.193 2.218 2.241 2.205 2.220 2.213 2.224 2.221 2.224 2222 2.197 
0.058 0.053 0.057 0.058 0.054 0,056 0.053 0.057 0.055 0.059 0.059 0.058 0.120 0.123 0.122 0.14 0.119 
0.440 0.488 0.435 0.410 0.4441 0.477 0.489 0.442 0.412 0.434 0.378 0.398 0.6781 0.666 0.6701 0.673 0.65 
0.411 0.391 0.386 0.348 0.334 0.332 0.338 0.379 0.381 0.364 0.397 0.416 0.069 0.068 0.067 0.069 0.08 
8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.00 
0.169 0.184 0.166 0.153 0.165 0.177 0.182 0.166 0.155 0.164 0.145 0.153 0.234 0.231 0.232 0.233 0.231 
0.103 0.135 0.093 0.119 0.112 0.115 0.116 0.156 0.132 0.092 0.065 0.137 0.150 0.133 0.138 0.134 0.107 
70 70 71 73 73 72 71 72 73 72 73 72 72 72 72 72 72 
2 2 2 2 2 2 2 2 2 2  2 4 4 4 41 4 
14 16 14 13 14 15 16 14 13 14 12 13 22 22 22 221 22 
13 13 13 11 11 11 11 12 17 121 13 13 2 2 2 21 3 
GARNEt  
VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VN207B VH207B VH207B VH207B 
/H2076 
Grt2b Grt2b Grt2b Grt2b Grt2b Git2b Grt2b Grt2b Grt2b GIt2b 
Grt2b Grt2b CORE CORE CORE CORE CORE 
37.48 37.34 37. 37. 37.45 37.50 37.52 36.9? 37.14 37.40 37.70 37.1 36.94 37.14 37.0:3 37.16 37Th 
20.68 20.77 20. 20 2060 20.48 20.81 20.6 20.53 20.69 20.74 20.7 20.79 20.95 20.85 20.84 20.98 
0.37 0.2 0. 0. 0.39 0.47 0.37 0.2 0.24 0.30 0.28 0.2 0.00 0.00 0.01 0.00 0.01 
32.55 32.5 32. 34. 33.93 33.4 33.2 33.3 33.59 33.13 33.47 33.34 33.34 33.41 33.36 33.41 32.97 
0.87 0.7 0. 0. 0.80 0.8 0.79 0.8 0.82 08 0.88 0.8 1.78 T 1.80 1.77 
3.72 4.1 3. 3. 3.76 4.04 4. 37 3.46 3.6 3.20 3.3 5.71 5. 5.64 5.55 
4.83 4.61 4. 4.1 3.94 3.9 4.0 4.4 4.46 T2 4.6 4.8 0.81 0.78 0. 0.99 
100.525 100.441 100.28 100. 100.8681 100.681 100.861 100.2421 100.261 100.34 100.941 100.707 99.424 99.808 99.527 99.775 99.514 
2.972 2.957 2.971 2.960 2.9691 2.973 2 2 2.963 2.9 2.990 2.95 2.947 2.952 2.952 2. 2,961 
0.000 5.0 0.000 . 0.000 0.0 0.000 50 0.000 0.00 0.002 0. 0.002 0. 0.003 
1.933 1.9 1.931 1. 1.9 7 1.930 14 1.939 1.94 1.954 1. 1.959 1. 1.970 
0.023 0.023 0 0. 0.0 0.0Th 0.019 0.017 0.0 0.000 0.000 0.001 0. 0.00 
2.159 2.190 2.2 .2 2.2 2. .2 2.241 To 2.220 2.2 2.224 .22 2.224 .2 2.19 
0.058 0.0 0.057 0.0 0.0 0.0 0.0 0.0 7 0.055 0.05 0.059 0.0 0.120 0.12 0.122 0.124 0.119 
0.440 4 0.435 4 444 0.417 4 44 0.412 0.434 0.378 0.398 0.678 66 0.670 0.673 0.659 
0.411 0.391 0.386 0.348 0.334 0.332 0.338 0.379 0.381 0.364 0.397 0.416 0.069 0.068 0.067 0.069 0.085 
8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
0.169 0.184 0.166 0.153 0.165 0.177 0.182 0.166 0.155 0.164 0.145 0.153 0.234 0.231 0.232 0.233 0.231 
0.103 0.135 0.093 0.119 0.1121 0.115 0.116 0.156 0.132 0.092 0.065 0.137 0.150 0.133 0.138 0.134 0.107 
70 70 71 73 73 72 71 72 73 72 73 72 72 72 72 72 72 
2 2 2 2 2 2 2 2 1 2 2 2 2 4 4 4 4 4 
14 16 14 13 14 15 16 14 13 14 12 13 22 22 27 27 22 





VH207B 	VH207B 	VH2076 	VH207B 	VH207B 	VH2078 	VH2075 	VH207B 	VH208 	VH208 	VH208 	VH208 	VH208 	VH208 	VH208 	VH208 	
VI-1208 
Position CORE CORE RIM RIM RIM RIM RIM RIM CORE CORE CORE CORE CORE CORE 

















































































































































Si  2.960 2.980 2.971 3964 2.963 2.990 2.993 2.958 2.941 2230 2.971 1951 2.961 2.9 2.966 2.9621  2.962 
Ti  50 0.002 0.002 0.001 0.002 0.002 0.002 0.002 0.0011 0.003 0.001 0.002 0.002 0.003 . . 0.002 





































Mn 0.117 0.134 0.121 0 0.122 0.1141 0.114 0.120 0.134 0.140 0.132 0.130 0.125 0.129 0.130 0.130 
0.13 
Mg 0.673 0.623 0.679 0,6801 0.683 0.699 0.703 0.661 0.647 0.661 0.677 0.677 0.669 0.648 
. 0.694 0.674 
Ca 0.078 0.077 0.062 0.0591 0.064 0.063 0.065 0.061 0.081 0.078 0.086 0.089 0.090 0.091 0.062 0.053 0.055 
Total 8.000 8.000 8.000 8.0001 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8 8.000 8.000 
XM9 0.235 0.220 0.236 0.236 0.236 0.241 0.243 0.228 0.223 0.226 0.237 0.236 0.234 0.227 0.241 
0.240 0.233 
Fe 0.099 0.068 0.089 0.106 0.126 0.1011 0.092 0.123 0.184 0.214 0.1071 0.147 0.115 0.114 0.111 0.109 0.116 
AIm 72 73 72 72 72 72 71 73 72 72 71 71 71 72 71 71 72 
Sps 4 4 4 4 4 4 4  4 4 4 4 4 4 41 41 4 
Pvr 22 20 22 221 22 23 231 21 21 21 22 22 22 21 23 231 22 




  ______ ______ ______ ______ VH552 	1-1552 	1F[552 	VH552 
VH208 VH208 ?H208 VH208 VH208 VH552 1H552 VH552 VH552 
/H552 QH552 VH552 
on RIM RIM RIM RIM RIM CORE CORE CORE CORE 
CORE CORE CORE CORE CORE CORE CORE 
rAl-)
03 
37.10 37.Os 37.06 37.1/ 37.07 37.3 37.09 37.1 
37.15 37.1 37.0 36.5 37.2i 37.32 
20.78 20.80 20.78 21.Ob 21.04 21.1 21.12 21.1 
21.08 20.99 20.9 21.2 21.21 21.08 
3 0.02 0.00 0.00 0.03 0 0.0 0.02 
0 0.01 0 0.01 0 0.02 
FeO 3323 3313 33.2 32.94 33 34.84 34.61 34.81 34.66 
34.61 34.93 34.65 34.8 34.81 35.14 33.34 
MnO 1.92 1.96 20 1.95 1 0.04 0.06 0.04 
0.03 0.04 0.02 0.04 0.0 0.05 0.03 0.02 
MgO 527 527 T6 5.48 5. 6.2 6.25 6.2 6.12 
6.11 6.22 6.18 6.0 5.94 6.09 7.12 
CeO 066 0.7b 0.84 "0.7 0.64 0.61 0.5 0.58 
0.62 0.53 0.53 0.5 0.5 0,5:.. 0.62 
Total 99015 99.004 T86 99.146 100.02 99.64 100.1 
99.64 99.66 99.97 99.55 99.5 99.09 100.22 99.54 
Si 2979 2975 T934 2.961 TQ 2.939 2.93 2.947 2.944 2.949 2.948 
2.95 2.945 2.95b 2.955 2.955 
Ti 0.002 0.002 öo 0.003 -0.002 0.002  0.001 0.001 0.001 0.001 
0002 0.001  0.002 0.002 
Al 1967 1 968 T9 7 1.961 T9 1.962 1.96 1.96 
1.975 1.973 1.962 1.959 1.972 1.974 1.967 1.974 
Cr 0.001 0.000 öo 1 0.000 0.001 0.002  0.001 0.00  0 0.001 
0 0  0.001 0.001 
Fe 2.231 2.2241 2.2 2.205 2.220 2.304 2.295 2.297 2.3 
2.296 2 2 2  21 2.289 
Mn 0.131 0.1331 0.138 0.132 0.127 0.003 0.004 0.003 0.002 
0.002 0 0  0  0 0.002 
Mg 0.631 0.6311 0.680 0.6541 0.657 0.73 0.7381 0.735 0.724 
0.7231 1 1  1 1 0.724 
Ca 0.057 0,065 0.0 0.072 0.0 0.054 0.05 0.04 0.04 0.0 
0 0  0 0 0.05 
Total 8.000 8.000 BA) 8.000 7.999 8.00 8.00 7.99 
8.001 8.001 8,00 8.0 8.00 8.00 8.00 
XM 0.221 0.221 0.232 0.229 0.228 0.241 0.243 0.242 0.23 
0.239 0.250 0.250 0,239 0.240 0.237 0.240 
Fe 0.071 0.080 0.212 0.102 0.105 2.304 2.295 2.297 2.30 2.296 
2.265 2.267 2.300 2.293 2.302 2.289 
AIm 73 73 72 72 72 75 74 74 7 75 
73 73 75 75 75 75 
Sps 4 4 4 41 4 01 0 0 0 0 
0 0 0 0 0 0 
Pyr 21 21 22 21 21 241 24F 24 24 241 24 
24 24 24 23 24 
Grs 2 2 2 21 21 21 21 2 2 2 2 
2 2 21 21 2 
Phase 
Thin section 
  ______ ______ ______ _____ ______ 	GARNET 	______  
7H552 	vH552 	VH552 	VH552 	VH552 	VH552 	552 	VH552 VH552 	VH552 	VHSS2 	
VH552 	VH552 	VH552 	VH552 	VH552 
Position CORE CORE CORE CORE CORE RIM M RIM RIM 
RIM RIM RIM RIM RIM RIM RIM 
Si02 3728 37.19 37.28 37.39 37.38 37.24 37.3 f 37.0 5. 37.2 36.56 37.39 37.41 37.21 37. 37.29 21.1 21.0 20.97 21 20.9 21.0 21. 20.5 20.9 20.71 21.1 21.0 21.1 21.1 21.1 1203 cr203 0.0 0.03 0.02 0 0.02 0.01 0.0 - 0.01 0.01 0  0 0 0.0 FeO 33.4 33.6 33.53 33.47 33.31 33.31 33.b 32.5 34 34.2 35.26 34.34 34.37 34.74 34.6 34.5 
MnO 0.03 0.02 0.0 0.03 0.09 0.03 0.0 - 0.0 
0.07 0.02 0.01 0.5 0.02 0.0 
MgO 7.1 7.07 7Th 7.07 7.05 7.0 7.3 





























- 99.9 99.77 99.7 
Si  2.93 2.952 2.91? 2.938 2.9 2.931 7 
. 2.94 2.94 2.953 2.9 2.94 2.95 2.945 
000 0 00 0.003 0.001 0.00 0.001 0.0 0 0.001 0.001 
0.00 0.001 0.001 0.001 
Al lOb 1.96o TO 1.995 1.974 T1 1.958 Tg 2 1.95 1.9 1.951 1.957 1.95 1.92 1.95b 
Cr  0001 01 0  0 0.0  0.001 0 0.001 
 0.001 0.001 0.00  0 
e 2.312 2.302 
___ 
2.31 2.324 2.32 7i 2.21 2.2 .2 2.2 2.20 2.201 2.199 2.205 2.16 2.27 
0.001 0.003 0.00 0.004 0.00 0.0 0.004 00 0.002 0.00 0.00 0.002 0.004 
0.00 0,002 0.003 
0.733 0.732 '72 0.707 0.71 Tb 0.84 8 5.8 0.9 0.84 0.832 
0.83 0.82 0.872 0.74 7 
0.045 0.045 504 0.044 0,044 052 0.04 '0 U. 0.04 0.053 0.056 0.063 0.064 
0.066 0.075 
otal 8.00 8.00 80 8.00 8.0 8.00 8.00 8 8. 8.00 8.00 
8.00 8.00 8.00 8.00 
Xp 0.241 0.241 0.237 0.233 0.236 0.276 0.275 0.276 0.273 0.273 0.276 
0.274 0.274 0.272 0.287 0.248 
Fe 2.312 2.3021 2.319 2.324 2.321 2.196 2.2141 2.203 2.219 2.215 2.206 2.201 2.199 
2.205 2.169 2.270 
PJm 75 75 75 75 75 71 71 71 71 71 71 
71 71 71 70 73 
Ps 0 01 0 0  0 0 0 0 0 0 0 1 0 
0 0 0 
Pr 24 241 23 23 23 27 27 27 27 27 27 
27 27 271 281 24 
Grs 1 11 1 1 11 2 2 2 2 2 2 21 21 2  21 2 
Appendix 3 	 Mineral analyses of Gneiss 
Biotite 
251 
Blotite Biotite Biotite Blotite Biotite Blotite Biotite Biotite t3ioUe Blotfte Biote Biolite Bilte Bidite Bbtlte Bbtite otIte otlte otIte 
edlon VH552 VH552 '1H552 /H552 VH552 (H552 /H552 /H552 /H552 VH552 VH552 VH552 VH552 Vi-652 VI-652 VI652 VH552 VH552 VH552 
n ______ ______ ______ ______ 
1 T8 34.51 34.71 
_ 
34.4 12 T8 fl9 34.74 78 Ti 34.45 34.58 34.7 34.59 55 
1.46 1.4 1.45 1.47 1.47 1.44 1.43 1.43 1.35 1.33 1.34 1.33 1.35 1.31 1.33 1.33 1.34 4.65 4.41 
19. 18.8 19.3 18.98 19.16 19.2 19.23 19.3 18.79 18.34 18.87 19.09 18.9 18.8 18.77 19.04 19.07 17.17 1748 
VNa2 
0. 































0. 0.0 0.01 0.0 0.01 0.02 0.0 0.01 0.0 0.01 0.01 0.0 0.0 0 0.0 0.0 0.02 
12. 124 1292 128 1295 1289 138 12 13M1 13 13,1 133 13.09 13 1& 132 128 129 1121 
0. 0.01 0.0 0 0 0.0 0 0.0 0.01 0.01 0 0 0.01 0.01 
0. 0.1 0.17 0.1 0.17 0.19 0.19 0. 0.21 0.1 0.21 0.21 0.19 0.19 0. 0.2 0.1 0.2 0.14 
7 8.8 8.93 9.0 9.11 9.13 9.11 9. 9.31 8.8 9.31 9.26 9.27 9.23 9.2 9.22 92 9.0 9.3 
93 92.6 93.89 93.4 94.24 93.84 94.2 93.3 93.71 92.95 93.81 94.05 932 94.41 94.01 94.41 94. 94.59 9527 
5.33 5.27 5279 5.287 5.276 5.256 5.276 5.285 5.277 5.308 5.303 5.292 5.284 5.254 5.281 5.304 5.281 5.255 5.288 ___ 
2.66 2.72 2.72 2.713 2.724 2.744 2.724 2.715 2.72 2.692 2.697 2.708 2.716 2.746 2.719 2.696 2.71 2.745 2.712 ___ 
1VI 0.77 0.71 0.742 0.714 0.709 0.712 0.71 0.774 0.67 0.644 0.697 0.715 0.694 0.645 0.659 0. 0.72 0.3 0.401 
Ti 0.16 0.168 0.16 0.169 0.168 0.165 0.163 0.164 0.156 0.154 0.154 0.152 0.155 0.151 0.153 0.1 0.154 0.532 0.501 
Cr 0.00 0 0.002 0.006 0.002 0.001 0.002 0.002 0.003 0.002 0 0.001 0.002 0. 0,002 
2.14 2.166. 2.091 2.087 2.111 2.114 2.038 2.076 2.12 2.171 2.063 2.064 2.097 2.2 2.123 2.078 2.1  2.147 
In 0.001 0.005 0.001 0.002 0.00 0.00 0.001 0 0.00 0 0.001 0.002 0.002 0.001 0.003 0.0 
M26 
 0.002 
Mg 2.898 2.879 2.931 2.944 2.935 2.93 3.023 2.871 2.972 2.995 2.987 2.979 2.979 2.976 3.005 2. 2.946 2.683 
Ca 0.003 0.001 0.001 0.003 0 0.001 0.001 0 0 0.006 0.002 0.001 0 0 0 0. 0,002 
a 0.035 0.047 0.05 0.051 0.05 0.05 0.055 0.056 0.062 0.058 0.063 0.063 0.056 0.055 0.059 0. 0.0 . 0.041 
K 1.529 1.756 1.734 1.773 1.766 1.78 1.761 1.782 1.82 1.734 1.812 1.797 1.804 1.796 1.804 1.783 1.793 1.759 1.792 
Total 15.557 15.738 15.716 15.745 15.746 15.76 15.753 15.725 15.812 15.764 15.782 15.775 15.787 15.825 15.808 15.763 15.7 15.59 15.57 
Mg 0.575 0.571 0.584 0.585 0.582 0.581 0.597 0.580 0.583 0.580 0.591 0.591 0.587 0.575 0.586 0.589 0.580 
0.574 0.555 
Ui 
Phase Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite 
rhin section 1H552 /H552 1H552 /1-1552 QH552 /1-4552 /H552 JH552 /H552 11-1552 /H552 /H552 11-4552 VH552 VH552 VH552 1H552 /H552 
Position  
Si02 34.44 34.75 35.06 34.95 34.92 34.83 34.83 35.54 34.5 34.94 34.99 35.33 34.98 35.31 35.18 35.41 34.86 34.1 
Ti02 4.08 4.18 4.23 2.59 2.57 2.66 2.61. 2.3 5.88 5.4 5.15 544 1.2 1.25 1.26 1.25 3.49 3.47 
A1203 17.28 17.181 17.29 18.661 18.68 18.33 18.491 19.17 14.31 14.08 14.13 14.02 19.27 19.17 19.1 19.24 18.02 17.83 
Cr203 0 0.011 0.02 0 -  0.01 0.021 0.02 0.041 0.02 004_ 0 0.01 0 0.04_02_ 0 0 
FeO 17.29 16.061 16.07 14.91 15.15 15.25 14.771 14.56 21.641 22.07 22.01 22.35 15.05 15.07 15.34 14.85 15 16.03 
MnO 0.02 0.011 0.02 - 001 0.01 0.011 0 0.051 0.03 0.04 0.03 0.01 0.02 0 0.02 0.03 0.02 
MgO 12.86 13.13 13.19 13.62 13.43 13.4 13.71 13.89 9.39 9.44 9.61 9.16 13.88 13.83 13.99 13.97 13.88 13.36 
CeO 0 0.01 0.01 0 0 0.01 0 0 0.02 0.01 0 0.01 0 0 0.01 
Na20 0.27 0.24 0.26 0.15 0.16 0.2 0.3 0.12 0.1 0.16 0.181 0.19 0.21 0.16 0.181 0.14 0.17 0.2 
K20 9.27 9.35 9.29 9.45 9.47 9.55 9.38 9.6 9.01 8.65 8.76 8.73 9.21 8.27 8.57 8.04 9.24 9.16 
Total 95.51 94.92 95.44 94.33 9439 94.25 94.12 96.2 94.93 94.8 94.91 95.26 93.88 93.08 93.66 92.94 95.29 94.18 
Si 5.211 5.2581 5.27 5.276 5.276 5.282 5.271 5.298 5.376 5.446 5.449 5.483 5.298 5.355 5.323 5.363 5.23 5.198 
2.789 2.742 2.73 2724 2724 2.718 2.729 2.70 2.624 2.554 2.551 2.517 2702 2.645 2.677 2.637 2.77 2.802 
0.292 0.322 0.333 0.596 0.602 0.557 0.569 0.66 0.003 0.032 0.04 0.047 0.738 0.782 0.73 0.797 0.417 0.401 
u 
 0.46 0.475 0.478 0.295 0.292 0.303 0.298 0.25 0.689 0.633 0.60 0.635 0.137 0.143 0.143 0.143 0.394 0.398 
0.001 0.002 0.001 0 0.001 0.003 0.003 0.0 0.003 0.00 0 0.001 0 0.005 0.002 0 0 
2.18 2.033 2.02 1.882 1.914 1.933 1.87 1.8 2. 2.877 2.86 2.901 1.906 1.911 1.941 1.881 1.957 2.044 
Mn 0.003 0.001 0.002 0 0.001 0.002 0.002 0.0 0.003 0.00 0.004 0.002 0.002 0 0.003 0.003 0.003 
Mg 2.90 2.962 2.966 3.064 3.024 3.029 3.092 3.087 2.1 2.194 2.23 2.119 3.135 3.126 3.156 3.154 3.104 3.036 
Ca 0 0.0011 0.001 0 0.001 0.002 0 0 0.003 0.001 0 0.001 0 0 0 0 0 0.001 
Na 0.08 0.0721 0.075 0.044 0.047 0.057 0.088 0.034 0.031 0.048 0.053 0.056 0.062 0.046 0.051 0.042 0.05 0.059 
K 1.789 1.804 1.781 1.82 1.825 1.848 1.811 1.826 1.792 1.721 1.74 1.728 1.791 1.6 1.654 1.554 1.768 1.781 
Total 15.719 15.671 15.648 15.702 15.706 15.732 15.733 15.689 15.531 15.512 15.546 15.491 15.772 15.61 15.68 15.576 15.693 15.723 












































































































































































































































Si 5.545 5.548 5.541 5.524 5.526 5.5 5.522 5.503 5.49 5.494 5.49 5.49 5.501 5.484 5.5 5. 
5.511 5.489 5.53 
Aff 2.455 2.452 2.4 2.476 2.474 242 2.478 2.497 2.509 2.506 2.51 2.51 2.499 2.51 2.5 
2. 2.489 2.511 2.46 
AlA 0.012 0.04 0.036 0.035 0.052 0.035 0.077 0.091 0.109 0.094 0.111 0.102 0.115 0.111 0.11 0.106 0.095 0.103 0.08 










































Mn 0.004 0.005 0.003 0.005 0.005 0.003 0.006 0.006 0.002 0.005 0.006 0.002 0.006 0.003 0.004 0.004 0.005 0.005 0.00 
Mg 1 	3.318 3.36 3.316 3.316, 3.3 3.3T9 3.188 3.174 3.155 3.159. 3.145 3.167 3.15 3.15 3.169 3.137 3.162 3.1581 3.154  
Ca 0.023 0.0031 0.006 0.0081 0.006 0.004 0 0 0 0 0.002 0 0 0 0 0.001 0 0 -  
Na 0.053 0.0441 0.046 0.051 0.052 0.046 0.038 0.042 0.049 0.049 0.042 0,041 0.046 0.04 0.042 0.043 0.045 0.042 0.05 
T 1.892 1.9 1.861 1.865 T8 T4 9i2 T8 1.895 T 1.95 o T1 T T8 T T T 
Total 15.683 15.68 15.614 15.676 15.671 15.66 15.63 15.648 15.6.4 15.651 15.64 15.65 15.644 15.648 15.634 15.632 15.6 15.64 15.634 
XMg 0.635 0.646 0.640 0.636 0.636 0.644 0.626 0.625 0.621 0.622 0.622 0,623 0.623 0.623 0.626 0.621 0.625 0.622 
0.623 
fiTtrI Bio tite liothe 3iotite Biotite Biotite Biotite Biotile 3iotite eiotite Biotite Biotite Biotite 	I Biotite Biofte Biotile Biotite Biotite Biotite Biotite _______ 
Phase /H546A H546A (H545A 1H545A 'H54A VH545A '1H546A (H546A /H546A H54A 1H546A Vl-1546A VH54SA (H546 
VH54SA V46A (H545A /H545A 
Poirt induon incluon inclusion incluon induon indusion induon Bt1 Bt1 Bt1 Bt1 RH 
Bt1 Bt1 Bt1 Bt2 Bt2 Bt2 Bt2 
SiO2 36.18 35.49 36.46 37.03 36.02 39.12 36.19 35.85 36.67 36.74 35.64 36.08 35.38 
35.78 36.32 35.09 35.84 35.29 
TO T 3.6 2 8 T2 6 6.48 4. 4.93 Tb 304 TT2 T 5.09 334  T22 4 	9 T 
Al203 14 14.1 14.71 14.44 14. 14.3 15.27 14.0 13.97 14.8 15.01 14.15 14.4 
14. 14. 13. 13.39 13.72 13.41 
Cr2O3 0.3 0.7 0.Q 0.24 0.2 0.1 0.19 0. 0. 0.51 0.54 0.07 0.54 0. 
0. 0.2 0.2 0.2 0.23 
eO 19.82 18.8 19.82 15.46 154 15.57 17.19 19.3 19.2 19.08 197 19.07 18.1 19.2 
18. 20.53 22.14 20.5 22.44 
MnO i1 in 0.0 0.04 0. 0.0 0.03 0.0 0.04 0.0 0. 0 0.02 0.0 0.04 0.03 
q 
. 
T. 10.8 11.3 12.9 13. 12. 9 iO3 10.9 11.81 11. 11 T 1.06 .i T Th i 
aO 0 O, 0.0 0.0 0.0 0.03 0. 0.0 0.01 0.0 0.06 0.0 0. 
0. 0.01 0 
Na2O 0. 0.0 0.02 0.0 0. 0. 0.06 0. 0.0 0.05 00 0.06 0.04 0. 0. 
0.0 0.051 0. 0.03 
20 8. 8.9 8.94 9.8 8 8 8.93 9.1 9.3 8.88 89 9.14 9.17 9.2 9. 
8.8 8.7 8 8.75 
TO1AL 94. 94.6 94 94.84 95. 94. 98.3 94. 94.6 94.79 95.4 94.35 94.26 94.2 94.27 
95.7 93. 94.6 T5 
Si 555 5.5 5.497 5485 5.51 5.463 5.67 5.556 5.531 5.608 5.58 5.5 5.55 5.4 5.533 
5.5 5.5 5.54 5.54 
AQ 2.45 24 250 2.515 2A8 2537 2.329 2.4 2469 392 2 2.494 2.45 2 
2A 24 2A 2A54 
0.2 0.0 0.18 0.045 0.0 0.03 0.279 0.098 0072 0.276 0.27 0.0 0.177 0.04  0.0 0. 
0.0 0.0 
0.41 0.6 0.4 0.711 0.70 0.714 0.7 0.553 0.572 .0.339 0.34 0. 0.4 7 0.  0 0.54 0.5 
0.5391  
0.0 Dli 0 0.029 0.02 0.022 0.0 0.031 0.024 0.061 0.06 0. 0.0 0.  0.0 00 
0.0 0.02 Ve T 1.944 T - . 84 2.48 TTh - Thti4 Ti 7. 
P2. 
TJ 2.919 T 
0 QQ0 0.002 QQ04 OQQ3 o,00 0.00 Q3 Q4 JP 1QQ' -_ L° 0. 0,005 0,004 
 2.6 2.4 2.6 2.914 2.90 2.915 2.376 2.524 2.526 2.693 2.67 2.534 2.7 2.  2.4 
. 2.51 2.22 
0.0 0.0 0.009 0.01 0.009 0.005 0.008 0.014 0.002 0.002 0.01 0.0 0.007  0.00 00 
0 
Na 0.0 0.0 0.0 0.02 0.01 0.02 0.017 0.017 0.016 0.015 0.009 0.017 0.0 0.01  0.0 0.01 0.009 
0.00 
K 1.72 1.757 1.7 1.695 1.6 1.70 1.651 1.784 1.832 1.733 1.73 1.801 1 12 1.849 r13 T75 
T5 T75 
Q 15.554 15,442 15.369 15.3021 .__._.j 15.145 15.507 J.J. 
 15,604 15,564 . _16 15.55 15,532 15.541 
1 
XMg 0,506 0.506 0.505 0.600 0.602 0.596 0.533 0.503 0.505 0.525 0.520 0.507 0.545 0.501' 0.5351 
0.4811 1714261 0.486 0.431 
tQ 
TITLE Biotite Biotite Biotite Biotite Biotite Biotite Bidite Biotite Biotite Biotite 
Biotite Biotite Biotite Biotite Bictite 
Phase VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C \1H546C 
VH546C VH546C VH546C VH546C VH546C 
Point inclusion inclusion inclusion inclusion inclusion inclusion incluon inclusion inclusion indusion 
inclu9on inclusicn inclusion indusion inclusion 
5102 35.01 35.35 36.18 35.55 37.08 37.1 37.12 36.19 39.11 
39.36 35.93 35.76 35.93 35.57 35.47 
1102 3.67 3.62 5.33 5.38 6.01 6.25 6.02 6.3 6.61 
6.51 5.09 5.06 3.87 6.07 6.11 
A1203 14.17 14.31 14.27 14.05 14.34 14.67 14.91 14.31 15.31 
15.471 13.68 13.72 13.811 14.07 14.02 
Cr203 0.28 0.34 0.76 0.67 0.05 0.17 0.22 0.21 0.16 0.121 0.22 
0.35 0.291 0.2 0.23 
FeO 20.32 20.19 18.7 19.35 14.46 15.39 15.82 15.76 17.12 17.341 
19.18 19.19 19.931 19.71 19.66 
MnO 0.03. 0.05 0.02 0.01 0.04 0.04 0.06 0.02 0.02 
0.031 0.03 0.03 0.021 0.02 0.01 
MgO 11.071 11.13 10.76 1 CL721 13.74 13.34 13.05 12.72 10.96 11-011 
11.3 11.35 11.661 10.07 10.13 
CaO 0.021 0.03 0.01 0.031 0.13 0.07 0.22 0.05 0.01 0.051 
0.06 0.04 01 0.01 0 
Na20 0.02 704 0.01 0.04 0.18 0.06 0.07 0.05 0.08 0.07 
0.01 0.01 0.02 0.06 0.06 
K20 8.77 8.85 8.93 9 8.32 8.62 823 8.82 8.96 9.15 
9.3 9.33 9.12 9.2 9.27 
TOTAL 93.36 93.911 94.97 94.8 94.35 95.71 95.72 94.4 98.34 99.1 94.89 
94.84 94.65 94.98 94.96 
Si 5.499 5.513 5.53 5.477 5.556 5.509 5.511 5.479 5.664 5.664 5.528 
5.511 5.554 5.479 5.468 
Al(iv) 2.501 2.487 2.47 2.523 2.444 2.491 2.489 2.521 2.386 2.3361 2.472 
2.489 2.4461 2.521 2.532 
Al('vi) 0.122 0.144 0.102 0.028 0.0B81 0.077 0.12 0.033 0.278 0.288 0.008 
0.002 0.069 0.034 0.015 
Ti 0.433 0.425 0.613 0.624 0.677 0.698 0.6721 0.718 0.72 0.703 0.589 
0.586 0.45 0.703 0.708 
Cr 0.035 0.041 0.092 0.081 0.006 0.02 0.026 0.025 0.018 0.013 0.039 
0.042 0.036 0.024 0.029 
Fe2+ 2.669 2.633 2.391 2.493 1.812 1.911 1.964 1.9961 2.073 2.087 2.4671 
247 2.576 2.539 2.534 
Mn 0.004 0.007 0.003 0.001 0.005 0.005 0.007 0.003 0.002 0.003 0.004 
0.003 O.OD3 0.003 0.001 
Mg 2.591 2.587 2.452 2.462 3.069 2.954 2.888 2.872 2.367 2.363 2.593 
2-606 2.6B6 2.312 2.328 
Ca 0.003 0.005 0.002 0.005 0.021 0.011 0.035 0.008 0.002 0.007 0.008 
0.006 0 0.001 0.001 
Na 0.007 0.012 0.003 0.011 0.052 0.018 0.019 0.016 0.022 0.0191 0.004 0.002 
0.007 0.017 0.018 
K 1.757 1.76 1.741 1.768 1.59 1.632 1.559 1.704 1.666 1.681 1.825 1.834 
1.7981 1.809 1.824 
TOT 15.6211 15614 15.399 15.473 15.32 15.326 15.29 15.3751 15.138 15.163 15.537 15.554 15.625 
15.442 1458 
XM9 0.493 0.496 0.506 0.497 0.629 0.6071 0.595 0.590 0.533 0.531 0.512 0.513 0.510 
0.477 0.479 
TITLE Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite Biotite 
Phase VH546C VH546C VH546C VH546C VH548C VH54aC VH548C VH546C VH546C VH546C VH546C VH546C 
Point Bt1 Bt1 Bt1 Bt1 Bt1 Bt1  Bt1 
Si02 36.51 36.33 35.71 35.55 36.08 36.1 36.94 35.96 36.25 36.07 36.11 36.27 
Ti02 4.71 4.68 4.71 4.82 4.96 4.85 3.671 4.81 5.23 4.82 3.6 3.53 
14.39 14.1 14 14.08 14.18 14.38 13.86 14.19 13.93 14.53 14.58 
 0.25 0.21 0.23 0.2 0.43 0.41 0.21 0.12 0.74 0.11 0.08 0.08 
 19.25 19.37 19.27 19.48 19.75 19.71 17.86 19.18 19.56 19.28 19 1&9 
 0.04 0.01 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.08 0.04 0.01 
 11.23 11.22 11.24 10.81 10.98 11.05 12.63 11.22 10.77 11.17 12.04 12.09 
 0 0.01 0 0 0.03 0.01 0.08 0.04 0.05 0.05 0(2 0.01 I
14.4 
 0.02 0.05 0.06 0.04 0.03 0.04 0.05 0.05 0.08 0.G3 0.02 0.04 
 9.12 9.1 9.19 9.09 9.06 9 9.13 9.47 9.06 9.49 9.46 9.42 
 95.53 95.37 94.53 94.02 95.43 95.38 94.98 94.74 95.9 94.9 94.9 94.93 
5.557 5.543 5.513 5.524 5.521 5.522 5.612 5.543 5.514 5.547 5.541 5.556 
 2.443 2457 2487 2.476 2.479 2.478 2.388 2.457 2.486 2.453 2.459 2.444 
AI(vi) 0.14 0.131 0.079 0.087 0.06 0.078 0.187 0.062 0.058 0.071 0.169 0.188 
11 0.539 0.537 0.5461 0.563 0.57 0.558 0.4191 0.557 0.599 0.558 0.415 0.407 
Cr 0.03 0.026 0.0281 0.024 0.053 0.049 0.0251 0.014 0.088 0.013 0.01 0.01 
Fe2+ 2.45 2472 2488 2531 2.527 2.521 2.2691 2.473 2488 2.479 2.439 2.422 
Mn 0.005 0.001 0.0041 0.003 0.004 0.004 0.0041 0.004 0.003 0.0041 0.005 0.001 
Mg 2.548 2.552 25861 2505 2.505 2.52 2.861 2.579 2.443 2.56 2.755 2.762 
Ca 0 0.001 01 0 0.005 0.002 0.0121 0.006 0.007 0.008 0.003 0.002 
Na 0.007 0.015 0.0171 0.011 0.01 0.013 0.0151 0.014 0.008 0.008 0.006 0.011 
K 1.771 1.772 1.811 1.802 1.769 1.757 1.77 1.863 1.759 1.862 1.851 1.842 
TOT 15.49 15.507 15.5581 15.526 15.503 15.502 15.561 15.572 15.453 15.563 15.653 15.645 
XMg 0.510 0.508 0.5101 0.497 0.4981 0.5001 0.558 0.510 0.495 0.508 0.530 0.533 
I'.) 
LF 








































































































































































































































































1,258 1.266 1.3181 1.243 1.255 1.3061 1.314 1.293 1,375 1,292 1.2981 1.315 1.330 1.293 1.301 1.292 1.295 
Cr 0.000 0.000 0.0001 0.000 0,000 0.000 0.001 0.000 0.001 0.000 0.0001 0.000 0.001 0,001 0.001 
0M01 0,000 
'e2 0,028 0.027 0.0321 0.014 0.013 0,001 0.001 0.002 0.002 0.002 0.0021 0.003 0.002 0,001 
0.001 0,001 0.002 
Mn 0.000 0.000 0.0011 0,001 0,001 0.000 0,001 0.000 0.001 0.000 0.0011 0,000 0.000 0.000 0,001 0.000 
0.000 
Ig 0.001 0.002 0,003 0,002 0.001 0,001 0.000 0.001 0,002 0.000 0.002 0.001 0,001 0.001 
0,001 0.001 
0,310 0,299 0.372 0.288 0,294 0.347 0.34 0.344 0.382 0,337 0.329 0,337 0.329 0,332 0.336 0.331 
Ia 0.667 0.678 0.618 0.691 0,682 0.634 0.63 0.626 0.602 0.647  
P5.006 
 
0,651 0.656 0,659 0,655 0.654 0.660 
K 0.021 0,022 0.015 0.028 0.023 0,023 0.01 0.028 0.023 0.023 0.016 0.019 0.019 0.019 0.021 
0.021 
OTAL 5.000 5.006 5,009 5,003 4.997 4.994 4.991 4.988 5.006 4,996 4.996 5,009 4,998 4,998 4.999 5.002 
67 68 61 69 68 63 64 63 60 64  65 65 65 65 65 65 
¼n 31 30 37 29 29 35 34 34 38 33 33 33 33 33 33 33 E33 






























Position P1 2 P1 2 P12 	I P1 2 P1 2 P1 2 inclusion 








































































































































K20 0.451 0.31 0.371 0.22 0.22 0.38 - 0.63 0.43 0.51 0.45 0.54 0.58 
0.58 
TOTAL 99.89 99.72 99.58 99.521 99.69 100.05: 99.99 99.82 99.31 99.66 99.81 100.09 
99.74 
Si 2.695 2.676 2.669 2.690 2.701 2.684 - 2.732 2.661 2.675 2.696 2.700 2.737 
2.734 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000 0.000 0.000 0.000 0.000 0.000 
0.000 
Al 1.304 1.316 1.326 1.298 1.291 1.311 1.253 1.327 1.311 1.2881 1.283 1.251 1.270 
Cr 0.000 0.001 0.001 0.001. 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 
Fe2+ 0.005 0.001 0.003 0.005 0.004 0.001 0.021 0.018 0.022 0.022 0.022 0.0181 0.023 
Mn 0.000 0.000 0.001 0.000 0.001 0.001 - 0.000 0.000 0.000 0.000 0.000 0.0011 0.001 
Mg o.0011 0.001 0.002 0.002 0.001 0.002 - 0.002 0.001 0.001 0.002 0.001 0.001 0.001 
Ca 0.329 0.344 0.349 0.326 0.315 0.335 - 0.281 0.346 0.326 0.309 0.310 0.284 0.300 
Na 0.612 0.635 0.612 0.665 0.664 0.633 - 0.672 0.620 0.636 0.658 0.653 0.680 0.571 
K 0.025 0.018 0.021 0.013 0.012 0.022 0.036 0.025 0.029 0.026 0.031 0.033 0.033 
TOTAL 4.972 4.992 4.984 4.999 4.990 4.988 - 4.996 4.998 5.002 5.001 5.000 4.999 4.933 
Ab 631 64 62 66 67 64 - 68 63 64 66 66 68 63 
An 341 35 36 32 321 34 - 28 35 33 31 31 28 33 
Or 31 21 2 1 11 11 2 : 4 21 31 3 3 3 4 
C' 
0 
>hase 	jplagiocl Plagioci Plagioci Plagiocl Plagioci IagiocI Plagioci Plagiocl Plagiocl Plagioci Plagiocl Plagil Plagioci 
Plagioci Plagiocl 'lagiocl Plagioci PIaocl Plagiocl 
Thin section IVH546C VH546C VH546C VH546C Vl-1546C VH546C VH546C VH546C VH546C VH546A VH546C VH54C '1-1546C VH546C VH546C 
VH546C VH546C VH546C VH546C 
Position Pt 	core P1 1 	core Pl 	core PI 1 	core Pl 	core P1 1 . core Pl 8 core PI1 	rim Pl 	rim Pl 	rim Plia  rim PI 1 	hm Pb Pb Pub Plib Pub Pb 
Plib 
Si02 58.30 58.64 59.9 58.51 58.41 4 58.43 58.78 59.28 59.87 59.55 59,22 59.86 60.36 
59.64 60.27 Tö 59.68 59.68 
T102 000 0.00 0.0 0.00 0.00 • 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.0 0.0 0.00 
A1203 25.86 25.151 25.96 25.9 25.7 •. 25.28 24.69 25.3 24.7 24.78 24.42 
24.54 24.54 24.81 
Cr203 000 0.01 0.0 0.02 0.00 0.01 0.0 0.02 0.00 0.00 0.02 0.00 0.01 0. 
0.02 0. 0.01 0.00 
FeO 0.04 0.04 0.0 0.04 0,02 0. 0.04 0.2 0.05 0.04 0.04 0.6 0.03 
0.04 0 0.04 0. 0.03 0.05 
MnO 0.0 0.03 0.01 0.01 2 0.0 0 0.02 0.03 2 0.0 0.0 
0.01 0.02 0.01 0.01 
MgO 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.10 0.02 0.01 0.02 0.0 0,0 0.01 
0.01 0.02 0. 0.02 0.01 
CaC 804 7.99 7.30 7.95 7.95 7. 7 7.3 7.27 6.89 7.15 6.1 7.1 6.8 
7 6.91 7. 6.98 7.04 
Na20 6.81 6.77 6.80 6.85 5 - 7. 7.29 7.47 7.39 7.4 7.5 
7.40 7. 7.5 7.43 
K20 0.4 0.40 0.4 0.41 0.40 0.40 0 0.37 0.34 0.28 0.34 0.36 0.3 0. 
0.38 0.38 0.3 0.35 
TOTAL 99.49 99.96 99.84 99.69 99.59 99. 2 994 99.35 99.56 99.28 99.84 99.69 99. 99. 
99.59 99.28 99.1 99.371  
Si  2.622 2.623 2.676 2.625 2.623 2.6 2.6 2.645 2.658 2.687 2.66 2 2.679 2.7W 2.68 2.696 
2.68 2.68 2.67 
Ti  0.000 0.000 0.001 0.000 0.000 0.000 • 0 0. 0.000 0.000 0.00  0.000 0.0W 0.00 0.000 
0.000 0.00 0.000  
Al 1.371 1.375 1.323 1.372 1.373 1.3 13 1. 1.336 1.306 1.334 1.307 1.28 1.31 1.294 1.308 1.30 
1.312  
Cr 0.000 0.000 0.000 0.001 0.000 0.000 _0 0 0.001 0.000 0.00 
738  
1 - 000 0.000 000 0.001 0.000 0.000 0.000  
0.002 0.00 0.002 0.001 0.001 0.0 0.0011 0.009 0.002 0.001 0.00  .001 0.002 0. 0.001 0.UtJ1 0.00 0 
0.000 0.00 0.000 0.000 0.000 0. 0 0. co 0.001 0.001 0.00  0.001 0.0W 0. 0.001 0.000 0.00 0.000  
0001 0.00 0.00 0.000 0.001 0. 0 0. 0 0.001 0.001 0.00  0.000 0.0W 0.001, 0.001 0.001 0.00 0.001 
- . 0.34 0.38 0.383 . 	0 U 	1 . 1. 0.331 0.34 0 .34 0.34 T3 
0. 	7 0.60 0.592 0.596 0.605 0 0. 0.63 0.b 0.64 5 0.645 0.6S) 0. 0.642 0.643 0.6b Eal 
0.0 0. 0.023 0.023 0.023 0.023 0 2 0. 0.020 
0.64 
 0.01 0.01 16 0.021 0.0 0.021 0.022 0.022 
0.02 0.02 
5.0 	1 4. 4.97 4.996 5.000 5.005 5 5.OLTB 5.000 4.99 4.99 
 
5.001 1 5.000 4.9B 4.996 4.988 4.997 5.00 
62 59 60 60 60 6 63 6 64 5 64 6 64 5 64 Th 
3 3 36 38 38 38 38 3 35 3 34 3 34 3 34 3 34 3 34 







































Position P1 1 core P1 1 core P11 core P1 1 core P1 1 core P1 1 core P1 1 core P1 1 core Pk core P1 1 core P11 	rim P11 	rim P11 	rim P1 1 	rim P1 1 	rim P11 	rim P1 1 rim Fl 1 	rim 
Si02 64.44 63.53 63.41 58.05 62.58 62.36 62.91 62.61 62.5 62.48 64.39 64.34 64.45 63.81 63.72 63.6 
64.31 62.22 






































FeO 0.17 0.14 0.1 0.15 0.13 0.09 0.09 0.11 0.15 0.13 0.2 0.22 0.19 0.13 0.1 
0.17 0.11 0.97 








































BaO 0.02 0.04 0.04 0.04 0.03 0.06 0.06 0 0.0 0.04 0.02 0.06 0.03 0.04 0.0 0.04 0.05. 0.02 
Na20 10.02 9.4 9.5 9.47 9.31 9.29 9.12 9.17 9.2 9.15 9.77 9.9 9.87 9.56 9.4 9.52 9.7 
9.16 
K20 0.16 0.2 0.25 0.3 0.32 0.29 0.26 0.3 0.3 0.33 0.23 0.24 0.23 0.26 0.2 0.26 0.23 
0.48 
TOTAL 99.4 99.0 99.18 93.43 98.99 99.21 99.27 .04 99.19 99.64 99.71 99,37 99.44 99.61 99.5 99.2 99.63 98.44 
Si 2.86 2.834 2.826 2.767 2.8 2.786 2.804 2798 2.792 2.794 2.85 2.859 2.86 2.831 2.829 2.832 2.849 2.808 
Ti 0 0 0 0 0 0 0 0 0 0  0 0 0 0  0 0 
Al 1.13 1.161 1.167 1.208 1.195 1.207 1.193 1.198 1.202 1.202 1.14 1.12 1.13 1.164 1.166 1.164 1.147 1.144 
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 
Fe2 0.006 0.005 0.004 0.006 0.005 0.003 0.003 0.004 0.006 0.0 0.00 0.00 0.007 0.0l 0.007 0.00 0.004 0.037 
Mn 0.00 0.001 0 0.001 0.00 0.00 0 0.001 0 0.001  0 0.00 0.001 0.001 0.001 0 0 
Mg 0.00 0.001 0.00 0.004 0.00 0.002 0.001 0.002 0.004 0.001 0.001 0.002 0.00 0.001 0.001 0.001 0001 0.065 
Ca 0.14 0.168 0.17 0.196 0.188 0,199 0,197 0.195 0.195 0.1 0.15 0.144 0.143 0.1w 0.168 0.165 0.152 0.15 
Ba 0 0,001 0.001 0,001 0,00 - 0.00 0.001 0 0 0.001 0.001 0.00 0.001 0.001 0.001 0.001 0 
Na 0.862 0.818 0.821 0.875 0808 0.805 0.788 0.794 0.801 0.794 0.838 0.853 0.85 0.823 0.816 0.822 0837 0.80 
K 0.009 0.013 0.014 0.018 _0018 0.017 0.015 0.018 0.018 0.019 0.013 0.014 0,013 0.015 0.014 0.015 0.013 0.027 
TOTAL 5.01 5.0021 5.008 5.076 5.017 - 5.021 5.002 5.01 5.018 5.012 5.003 5.01 5.007 5,009 5.003 5.007 5.004 5.033 
Ab 85 89 81 80 80 79 791 79 79 79 84 84 84 82 82 82 83 82 
An 14 17 17 181 191 19 20 19 19 19 15 14 14 17 17 16 15 15 
Or 1 1 11 21 21 1 2 2 21 1 1 11 11 11 1 1 3 
Cs 0 0 01 01 01 0 01 01 01 01 0 




Phe Flagioci Plagiocl Plagiod Plagil Plagiocl Plagiod lagiod Plagiod Plagiod Plagiod Plagiod Plagiocl P 
Plaiod PIagxl Plaiod P1aiocI Plaocl Plagioci 
Ihin section H07B /H07B 1R07B VH2076 VH2O7B - VH208 VH208 VH208 VH208 VH208 VH208 VH08 VH208 VH208 VH209 
VH208 VH208 vH2J8 VH208 
Position 13z P1 2 P1 2 > 12 Pt2 P1 1 core P1 > core P1, core P1 > core P1 > core 
DI>  core P1 > core P1 1 rim P1 > rim P1 > rim P1 > nm P1 1 rim P1 1 rim P1, nm 
Si02 .97 65.26 65.59 64.84 - 	 62.68 62.77 62.96 61.29 61.39 61.54 61.28 63.81 
61.28 .59 63.38 T2 19T 61.54 
TiO2 0.03 0.03 - 0 0.02 U 0 0 0 0 U U 0 0 
0 0 U - U 
A1203 J.39 20.96 154 20.99 20.91 - 	 22.61 22.55 22.82 22.84 •22.88 22.94 13 21.21 
2 2222 , 22.52 
Cr 0 3 U 0 0 U U 0 0 0U ___0U '0 0U 
U 
PeO 0 08 0.09 0.1 0.04 0.46  0.12 0.08 0.09 0.09 0.11 0.09 0.31 0.75 
0.23 ü.19 
- 
0.18 0.1 0.1 
MnO 0.0 0 ö 0.01 0.02 
A307 
______U  0.02 0 0.01 0 0.01 U 0.0 2 0 0.01 
MgO 0.0 0.02 0.iY2 023 0.01  0.01 0.01 0.02 2 0.02 '! Z7 2 
0.02 0 t 0.01 
CeO 1.71 2.41 2 2.01 2.34 3.77  3.84 3.93 3.92 
- 
3.88 3.9 2.64 2.61 2.97 3.29 3.4 3.5 3.57 
3a0 J OW  - 0.O 0.0 0 .i 0.0 •• 0.0 0.0 
Na2O 9.98 9.59 9.9 10 9.06 9.4 9.47 9.4 9.3 9.2 
- 	
9.2 9.29 10.01 9. 9.81 9.7-9 9.61 9.57 9.61 
20 0. 0.15 1.2 0.59 0.21 0.24 0.25 0.2 0.22 Ti T6 T8 
0.1 
TOTAL 09.32 98.51 99.5 99.71 98.48 98.94 99.07 99.24 97.73 97.81 97. 97.84 98.65 96.53 09.84 
99.12 97.8 97.7 97.59 
Si  2937 2.906 2.876 2.901 2.896 2.804 2.804 2.808 2.78 2.78 2.78 2.77 2.854 2.819 2.84 
2.827 2.805 2.791 2.793 
Ti  0.001 0.001 0 0 0.001 0 0 0 0 0 0 0 0 
0 
Al  1.0 T TT2 1.09 TTi TT 1.192 1.186 1.22 Ti 1.219 •T 19 fl5 T1 T 19 T.?J 1.204 
Cr 0 0 0 0 0 0 0 0 0 0 0 
e2+ 0.00 0.00 ö4 0.004 0.003 0.004 4 1 2 9 
4 
Mn 0.002 0 0 0 0.00 0 0.001 0.001 0 0.00 0.001 _____ 0.001 0 _____ 
Ig 0.00 0.00 0.00 0.00 0.01 - 	 1 0.00 1_0 0.001 0.0 ö 0.00 0.00 
_____ 
0.03 0.00 0.091 0.00 - 
Ca 0.081 0.115 0.119 0.095 0.112 0.181 0.184 0.191 0.1 0.18 0.19 0.127 0.129 0.142 0.157 0.1 
0.17 0.174 
Ba 0.00 0.001  0.001  0.001 0.001 0.00 0.001 öi öi - 0 öTö Töi 
Na 0.861 0.828 0.85 0.858 0.78 0.823  0.821 0.818 0.813 0.80 0.81 0.868 0.865 0.85 0.847 0.84 0.84 0.84 
K 0fl06 0.008 0.017 0.051 0.034 0.012  
A5. 
0.014 0.014 0.014 0.01 0.01 0.01 0.027 0.009 0.01 0.009 0.0 0.01 
TOTAL 4.962 4.962 4.996 5.008 4.962 5.018  5.018 5.029 5.024 5.016 5.028 5.016 5.0521 5.011 5.018 5.023 5.031 5.03 
Ab 91 87 86 85 841 1 	81 81 80 80 80 801 80 86 85 85 83 83 82 82 
An 1 	91 121 12 121 18 - 18 18 19 191 191 19 13 13 141 15 16 17 17 
Or 1 1  6 4 1 1 ___ 1 ___ 1 ___ 1 ___ 1 ___ 11 ___ 3 1 1 ___ 1 




Phase PlEai2L Plagioci Plagiocl jPlagiocl Plagioci Plagioci Plagioci Plagioci Plagiocl Plagiocl Plagiocl Plagiccl 
Thin section VH208 VH208 VH208 IVH208 VH208 VH208 VH208 VH208 VH208 VH208 VH208 VH208 
Position P1 2 P1 2 P12 	IP 1 2 P1 2 P1 2 P1 2 P1 2 P1 2 P1 2 P1 2 
P1 2 
Si02 66.08 65.79 65.71 65.95 66.67 66.06 65.75 66.67 66.21 66.21 66.21 66.21 
Ti02 0 0 0 0.03 0 0 0 0.02 0.03 0.03 0.03 0.03 
A1203 20.66 20.51 20.59 20.28 20.38 20.91 20.71 20.04 20.29 20.29 20.29 20.29 
Cr203 0 0 0 0 0 0 0 0 0 0 0 0 
FeO 0.04 0.23 0.04 0.04 0.04 0.07 0.16 0.08 0.09 0.09 0.09 0.09 
MnO 0.011 0 0 0.01 0.02 0.02 0.01 0.02 0.01 0.011 0.01 0.01 
MgO 01 0.08 0.01 0.01 0.02 0.01 0.01 0.01 0.05 0.05 0.05 0.05 
CaO 1.55 1.65 1.75 1.66 1.21 1.67 1.83 1.22 1.67 1.67 1.67 1.67 
BaO 0.02 0.02 0.04  0.04 0.04 0.04 
Na20 10.67 10.72 10.77 9.9 10.59 9.66 10.43 9.63 9.69 9.69 9.69 9.69 
K20 0.28 0.22 0.12 0.13 0.73 0.28 0.34 0.82 0.5 0.5 0.5 0.5 
TOTAL 99.31 99.22 99.02 98.02 99.7 98.72 99.28 98.51 98.54 98.54 98.54 98.54 
Si 2.922 2.917 2.916 2.942 2.939 2.928 2.913 2.963 2.943 2.943 2.943 2.943 
Ti 0 0 0 0.001 0 ol 0 0.001 0.001 0.0011 0.001 0.001 
Al 1.077 1.072 1.077 1.066 1.059 1.0921 1.082 1.049 1.063 1.063 1.063 1.063 
Cr 0 0 0 0 0 01 0 0 0 0 0 0 
Fe2+ 0.001 0.009 0.002 0.002 0.002 0.002 0.006 0.003 0.003 0.003 0.003 0.003 
Mn 0 0 0 0 0.001 0.001 0 0.001 0  0 0 
Mg 01 0.005 0.001 0.001 0.002 0.001 0.001 0 0.003 0.003 0.003 0.003 
Ca 0.073 0.078 0.083 0.08 0.057 0.079 0.087 0.058 0.08 0.08 0.08 0.08 
Ba 0 0 0.001  0.001 0.001 0.001 _ 
Na 0.914 0.921 0.927 0.856 0.905 0.83 0.896 0.829 0.83 0.835 0.835 0.835 
K 0.016 0.012 0.007 0.008 0.041 0.016 0.019 0.046 0.028 0.028 0.028 0.028 
TOTAL 5.003 5.014 5.014 4.956 5.007 4.95 5.005 4.95 4.956 4.956 4.956 4.956 
Ab 91 91 91 91 90 90 89 89 89 89 89 89 
An 7 8 8 8 6 9 9 6 8  8 8 
Or 21 1 1 1 4 2 2 5 3 3 3 3 
Cs 01 01 01 0 0 ol 0 0 0 0 0 0 
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Phase K-felds K-felds K-felds K-felds K-felds K-felds K-felds K-felds K-felds K-felds K-felds K-felds K-felds 
K-felds 
Thin section VH546A VH546A VH546A VH546A VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C VH546C 
Position C C C C C C C C C C C C C C 
Si02 64.07 63.7 63.72 63.65 63.35 62.81 63.28 64.22 64.05 64.14 63.13 63.95 64.34 
64.05 
Ti02 0.02 0.02 0.03 0.01 0 0 0 0.01  0 0 0.01 0 0.01 
A1203 18.22 18.42 18.4 18.35 17.23 17.08 17.3 17.55 17,561 17.52 17.29 17.74 18.22 18.28 
Cr203 0.03 0 0.02 0.01 0.02 0 0.01 0.01 0.011 0.03 0 0.01 0.02 0.03 
FeO 0.21 0.15 0.12 0.11 0.34 0.27 0.39 0.39 0.261 0.38 0.07 0.06 0.16 0.14 
MnO 0 0.01 0 0 0.03 0.02 0 0.03 0.031 0.02 01  0 0.02 
MgO 0.01 0.02 0.01 0 0.01 0.01 0.02 0 0.011 0 0.02 0.01 0.01 0.01 
CaO 0.03 0.05 0.05 0.07 0.07 0.07 0.06 0.04 0.0 0.05 0.07 0.05 0.05 0.05 
BaO 0.53 1.24 1.28 1.18 0.66 0.73 0.64 0.45 0.43 0.42 0.91 0.7 0.45 0.43 
Na20 0.81 0.7 0.69 0.81 1.17 0.95 1.03 0.81 0.76 0.83 0.73 0.6 0.93 1.01 
K20 15.53 15.42 15.52 15.23 15.01 15.23 15.22 15.58 15.65 15.62 15.58 15.93 15.34 15.31 
TOTAL 99.46 99.73 99.84 99.42: 97.89 97.17 97.95 99.09 98.81 99.01 97.8 99.06 99.52 99.34 
Si 2.988 2.976 2.976 2.98 3.007 3.008 3.004 3.008 3.008 3.008 3.006 3.002 2.993 2.986 
Ti 0.001 0.001 0.001 0 0 0 0 0  0 0 ( 0 0 
Al 1.002 1.0141 1.013 1.012 1 	0.9641 0.964 0.968 0.969 0.972 0.968 0.97 0.981 0.999 1.005 
Cr 0.001 01 0.001 0 1 0.0011 0 0 0  0.001 0 0 0.001 0.001 
Fe2+ 0.008 0.0061 0.005 0.004 0.014 0.011 0.016 0.015 0.01 0.015 0.003 0.002 0.006 0.006 
Mn 0 01 0 0 0.001 0.001 0 0.001 0.0011 0.001 0 0 0 0.001 
Mg 0.001 0.0011 0.001 0 0.001 0.001 0.001 0 0.0011 0 0.001 0.001 0.001 0.001 
Ca 0.002 0.0031 0.003 0.004 0.004 0.004 0.003 0.002 0.003 0.003 0.004 0.003 0.003 0.003 
Ba 0.01 0.0231 0.023 0.022 0.012 0.014 0.012 0.008 0.008 0.008 0.017 0.013 0.008 0.008 
Na 0.073 0.063 0.063 0.074 0.108 0.088 0.095 0.074 0.069 0.076 0.067 0.055 0.084 0.091 
K 0.924 0.919 0.925 0.91 0.909 0.93 0.922 0.931 0.938 0.934 0.947 0.954 0.91 0.911 
TOTAL 5.01 5.00 5.011 5.006 5.021 5.021 5.021 5.008 5.01. 5.014 5.015 5.011 5.005 5.013 
Ab 7 6 6 7 . 10 8 9 7  7 6 1 8 9 
An 01 01 0 0 0 0 0 0 C 0 0 ( 0 0 
Or 92 91 91 90 88 90 89 92 92 91 91 93 91 90 
Cs 1 2 2 2 1 1 1 1 1 1 2 1 1 1 
C' 
0\ 
'hase K-felds K-bids 	I K-feids K-felds K-felds K-felds K-felds K-telds K-felds K-feids K-Ieids K-bids K-felds K-feids K-felds K-telds K-fekb K-telds K-fdds 
hin section '*1207B VH207B IVH207B VH2076 VH207B VH207B VH207B VH207B I VH 2081 VH208 VH208 VH2OB VH208 VH208 VH208 VH208 VH208 VH208 '*1208 


















































































































































































14.98 14.72 14.34 13.98 14.3 14.16 13.9 13. 
1.92 
 14.89 14.81 14.9 14.7 14.2 14.55 14.3 14.3 
14.25 13.98 13.92 































0.998 1.001 1.012 1.003 1.022 1.006 1.00 1.006 1.003 1.009 1.012 1.001 0.985 0.998 1.006 1.0 0.998 1.004 1.014 
0 0 0  0 00 0 0 0 00.0010 0000 
e2+ 0.003 0.002 (100 0.003 0.00 0.008 0.00 0.01 0.003 (1001 0.1:04 (1002 0.017 0.002 0.00 0.00 0.023 0.00 0.002 
nfl 0 0 aoo 0  0 0 0 - 0.0 0.001 0 0 0.001 •001 öi - 0.001 o - 0 0.001 
0.001 0.001 0.002 0.001. 0 0.003 0.003 O.004 0.002 0001 0.032 0.001 0.012 0003 - 0 0.002 0015 0.002 0.00 
Ca 0.002 0.0011 0.003 0.0021 0.003 0.003 0.002 0.007 0.001 0.001 0.1 0.001 0,002 • 02 0.001 0.001 0005 0.00 0.003 
Ia   0.0  0.006 0.006 0.0 0.014 0.012 0.01 0.011 0.007 0.0 (101 0.008 0.00 0.013 
Ja 0.109 0.114 0.13 0.142 0.149 0.147 0.15 0.1 0.101 0.104 0.113 0.116 0.129 0.13 0.13 0.13 0.139 0.16 0.174 
0.89 0.877 0.84 0.829 0.855 0.841 092 118 0.892 0.887 0.887 0.879 0.848 0.87 0.85 0.854 0.853 0.83 0.83 
OTAL 5.002 4.995 5.002 4.982 5.014 5.0031 4.989 4.999 5.007 5.004 5.012 5.0041 4.994 5.007 5.0041 5.006 5.02 5.007 5.016 
11 11 141 15 15 15 16 17 10 10 11 12 13 13 13 13 14 16 17 
0 0 Ol Ol 0 0 0 1 0 0 0 0 0 0 0 0 0_0 0 
Or 89 88  851 84 84 84 82 88 88 88 87 87 86 85 85 85 83 81 
Cs 01 0 11 01 1 0  1 1 1 1 1 0 1 1 211 
C.' 
-1 
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Appendix 3 	 Mineral analyses of Gneiss 
Phase Spinel Spinel Spinel Spinel Spinel Spinel 
Thin section VH552 VH552 VH552 VH552 VH552 VH552 
Si02 0.015 0.032 0.029 0.019 0.021 0.022 
T102 0.024 0.035 0.038 0.058 0.057 0.069 
A1203 57.553 57.709 56.924 57.209 57.163 56.92 
Cr203 0.036 0.022 0.017 0.003 0.0191 0.017 
FeO 32.189 31.792 32.423 32.233 32.1991 31.94 
MnO 0 0.015 0.005 0.029 0.0131 0 
MgO 6.357 6.968 6.205 6.847 6.9 6.932 
CaO 0.007 0.009 0 0 0 0.007 
Na20 0.055 0.05 0.053 0.062 0.071 0.048 
K20 0.005 0.006 0.004 0.005 0.013 0 
Total 96.241 96.638 95.698 96.465 96.451 95.96 
Si 0.000 0.001 0.001 0.001 0.0011 0.001 
Ti 0.001 0.001 0.001 0.001 0.0011 0.001 
Al 1.952 1.942 1.945 1.933 1.931 1.932 
Cr 0.001 0.000 0.000 0.000 0.000 0.000 
Fe3 0.047 0.056 0.054 0.066 0.067 0.067 
Fe2 0.727 0.703 0.732 0.707 0.705 0.703 
Mn 0.000 0.001 0.000 0.002 0.001 0.000 
Mg 0.273 0.297 0.268 0.293 0.295 0.297 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.003 0.0031 0.003 0.003 0.004 0.003 
K 0.000 0.000 0.000 0.000 0.000 0.000 
Total 3.004 3.005 3.004 3.006 3.006 3.004 
Xl c 70 67 70 67 67 .67 
Xga i 0 0 0 0 0 0 
X1 27 30 27 29 29 30 
Xch r 0 0 0 0 0 0 
Xmag 3 3 3 3 3 3 
x.1 0 0 0 0 01 0 
Xmg  0.25 0.281 0.254 0.275 0.276 0.279 
Xmg 0.273 0.297 0.268 0.293 0.295 0.297 
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Rock type (Icsil Calcsil CaIcsI Calcsil sil Calcsil CaIcsiI Calcsil Calcsil CakiI Calcl Calcsil Calcsil Caicsil 
Phase idote Epidote Epidcte Epdote ote Epidote Epidote Epidote Epidcte Epidote Epidcte Epidote Epidote Epidote 
Texture T2 T2 12 T2 2 T2 T2 T2 T2 T4 14 T4 T4 T4 
Thin section VH1 VH1 VH1 VH1 VVH1 VH1 JH1 VH1 VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 
Positicn Core Core Core Ccre 
CM30.
C e Rim Rim Rim Rim Vein Vein Vein Vein Vn 
Si02 38.4 38.27 38.28 38.56 .13 38.44 38.3 38.75 38.51 37.79 37.15 37.72 37.66 37.54 
Ti02 0.06 0.07 0.06 0.03 .03 0.02 0.06 0.03 0.02 0.1 0.08 0.08 0.08 0.06 
A1203 27.58 27.43 27.4 28.33 7.19 28.09 27.24 29.45 28.23 26.05 25.31 25.54 25.25 25.05 
Cr203 0.03 0.01 0.02 0.05 0.02 0 0.02 0.01 0.01 0.13 0.09 0.03 0.04 0.09 
FeO 7.12 7.69 7.69 6.45 7.97 7.31 6.77 7.77 5.281 6.55 8.65 8.66 9.28 9.45 9.79 
MnO 0.02 0.04 0.02 0.06 0.02 0.01 0.05 0.01 0.03 0.03 0.08 0.05 0.1 0.1 0.09 
MgO 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.15 0.06 0.04 0.04 0.04 
CaO 24.29 24.01 23.96 24.25 24.04 24.32 24.26 24.21 24.33 24.17 23.5 23.59 23.97 23.7 23.81 
Na20 0.03 0.01 0.01 0.02 0.01 0(2 0.01 0.01 0.02 0.01 0.02 0 0 0 0.01 
K20 0 0 0 0.011 0 0 0 0.02 0.01 0.01 0 0.01 0.01 0.02 0 
TOTAL 97.56 97.56 97.47 97.791 97.3 97.05 97.66 97.66 97.94 97.57 96.47 95 96.77 96.34 96.48 
Si 5.960 5.949 5.957 5.9591 5.948 5.954 5.953 5.949 5.957 5.966 5.961 5.958 5.946 5.967 5.945 
0.007 0.008 0.007 0.004 0009 0.004 0003 0.007 0.003 0.003 0.013 0.010 0.010 0.010 0.008 
Al 5.044 5.026 5.025 5.160 4.969 5.004 5.1271 4.986 5.335 5.154 4.842 4.783 4.744 4.715 4.675 
Cr 0.004 0.002 0.002 0.006 0.004 0.002 0.00) 0.003 0.001 0.001 0.017 0.012 0.004 0.005 0.012 
Fe3+ 0.924 0.999 1.001 0.834 1.039 0.954 0.877 1.009 0.679 0.849 1.141 1.162 1.4 1.253 1.296 
Mn 0.003 0.006 0.002 0.008 0.003 0.002 0.006 0.002 0.004 0.004 0.011 0.007 0.014 0.014 0.012 
Mg 0.008 0.007 0.008 0.007 0.006 0.005 0005 0.006 0.007 0.007 0.036 0.014 0.010 0.010 0.010 
Ca 4.040 3.999 3.995 4.015 4.019 4.070 4025 4.030 4.008 4.012 3.973 4.053 4.048 4.024 4.040 
Na 0.009 0.004 0.003 0.006 0.002 0.005 0004 0004 0.005 0.003 0.006 0.000 0.000 0.000 0.002 
K 0.001 0.001 0.000 0.002 0.001 0.000 0.001 0.005 0.002 0.002 0.001 0.002 0.001 0.004 0.001 
TOTAL 1 	16.0001 16.0001 16.000 16.000 16.000 1000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 16.000 
Ps% 1 46.931 50.261 50.321 42.181 52.41 48.51 44.25 51.01 34.19 42.87 57.781 59.22 62.16 63.61 65.78 
tQ 
41 
Rock type Calcsil CalcsI Calcsil 	ICalcsil Calcsil Calcsil Calcsil Calcsil 
Phase Epidote Epidote Epidote Epidote Epidote Epidote idote Epidote 
Texture T6 T6 T6 T6 T6 T6 T6 T6 
Thin section VH483 VH483 VH483 VH483 VH483 VH483 VH483 VH483 
Position Core Core Core Core Rim Rim 	I RM Rim 
Si02 39.08 38.98 38.82 39.12 38.92 38.351 38.03 3a1 
Ti02 0.01 0.01 0.031 0.01 0.02 0.031 0.02 0.01 
A1203 30.88 30.82 30.461 31.48 30.18 27.21 25.02 27.1 
Cr203 01 0.01 0.031 0.01 0.01 0.02  0 0 
FeO 2.99 3 3.271 2.34 3.77 7.181 9.66 7. 32  
MnO 0 0.02 0.051 0.06 0.09 0.02 0.08 0.16 
MgO 0 0.09 0.01 0.03 0.01 0.04 0.02 0.03 
CaO 25.1 24.75 24.84 24.95 24.8 24.49 24.16 243 
Na20 0.03 0.01 0.03 0.01 0.02 0.05 0.03 0.04 
K20 0.011 0.01 0 0.01 0.01 0.01 0.01 0.03 
TOTAL 98.1 97.7 97.54 98.02 97.83 97.391 97.21 97.09 
Si 5.959 5.968 5.9591 5.958 5.965 5.965 5.972 5.947 
Ti 0.001 0.001 0.003 0.001 0.003 0.004 0.002 0.002 
Al 5.549 5.560 5.512 5.651 5.452 4.985 4.665 4.986 
Cr 0.000 0.002 0.003 0.001 0.001 0.002 0.000 0.000 
Fe3+ 0.382 0.384 0.419 0.297 0.484 0.933 1.269 0.956 
Mn 0.000 0.003 0.006 0.008 0.011 0.003 0.011 0.022 
Mg 0.000 0.020 0.003 0.006 0.002 0.010 0.005 0.007 
Ca 4.100 4.059 4.085 4.072 4.074 4.081 4.066 4.064 
Na 0.008 0.002 0.010 0.004 0.006 0.016 0.010 0.012 
K 0.001 0.002 0.000 0.002 0.003 0.0021 0.001 0.005 
TOTAL 16.000 ia000 16.000 16.000 ia000 16.000 16.000 ia000 
Ps% 19.51 19.58 21.42 15.15 24.70 47.781 64.79 48.74 
tJ 





Rock type Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil 
Cal csil 






























Position Sympi Sympi Sympi Sympl Sympl Sympi Sympl Sympi Sympl Sympl Sympl 
Sympi Sympl 
Si02 60.73 60.69 61.38 60.77 60.14 43.86 43.9 44.09 44.05 
44• 34 43.92 44.441 43.86 
Ti02 0 0.03 0 0 0.13 0 0 0 0 0 0.04 0 
0 
A1203 19.51 19.41 19.29 19.65 20.34 35.33 35.43 35.31 35.35 35.4E 35.17 35.55 
35.05 
Cr203 0.01 0.02 0.01 0 0.01 0.02 0 0.02 0 0.03 0.01 0 0.05 
FeO 0.041 0.02 0.06 0.01 0.051 0.08 0.09 0.09 0.09 0.1 0.08 0.21 0.07 






























BaO 3.241 3.9 4.28 4.12 3.84 n.a. n.a. 0.01 1 	na. n.a. 0.02 n.a. n.a. 
Na20 0.61 0.65 0.61 0.57 0.57 0.6 0.59 0.611 0.65 0.67 0.65 0.72 0.8 
K20 14.45 14.25 14.1 14.08 13.89 0.01 0.03 0.031 0.01 0.02 0.06 0.02 0.03 
Total 99.05 99.25 100.02 99.65 99.9 1 99.47 99.52 99.6 99.68 100.09 99.31 100.24 99.17 
Si 2.899 2.902 2.914 2.895 2.857 2.042 2.042 2.049 2.046 2.05 2.048 2.052 2.049 
Ti 01 0.001 0 0 0.005 0 0 0 0 0 0.001 0 0 
Al 1.0981 1.094 1.08 1.103 1.139 1.939 1.943 1.934 1.935 1.933 1.933 1.934 1.929 
Cr 0.0011 0.001 0 0 0 0.001 0 0.0011 0 0.001 0.001 0 0.002 
Fe 0.0021 0.001 0.002 0.001 0.002 0.003 0.004 0.003 0.004 0.004 0.003 0.008 0.003 
Mn 0 0.001 0.001 0 0 0 0.001 0 0 0 0 0.001 0.002 
Mg 0.001 0.001 0.001 0.001 0.001 0.001 0 0.001 0.002 0.001 0.001 0.001 0.001 
Ca 0.023 0.012 0.013 0.023 0.047 0.975 0.97 0.967 0.97 0.963 0.967 0.953 0.964 
Ba 0.061 0.073 0.08 0.077 0.0721 n.a. n.a. 0 n.a. n.a. 0 n.a. n.a. 
Na 0.0561 0.06 0.056 0.053 0.0531 0.054 0.053 0.0551 0.059 0.06 0.059 0.065 0.073 
K 0.881 0.869 0.854 0.856 0.8421 0.001 0.002 0.0021 0.001 0.001 0.004 0.001 0.00 
Total 5.0211 5.015 5.001 5.009 5.0181 5.016 5.015 5.0121 5.017 5.013 5.017 5.015 5.02 
Ab 51 6 6 5 5 5  51  6 6 6 7 
An 2 1 1 2 5 95 95 94 94 94 94 94 93 
Or 86 86 85 85 83 0 0 0 0 0 0 0 0 
Cs 6 71 
1 	
8 8 7 01 0 0 0 0 01 01 0 































Thin section VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 
Position Pl ia Pit a Pub Core Pub Core Pub Core Pu b Rim Pu b Rim Pub Rim P1 2 Vein P1 2 Vein P1 2 Vein P1 2 Vein P1 2 Vein IP12  Vein 
Si02 43.891 43.56 43.6 43.21 42.98 43.5 43.91 44.21 69.12 69.71 69.89 69.02 69.14 71.42 
Ti02 01 0 0 01 0 0 01 C 0.01 0 0 0 0 0 
A1203 35.411 35.4 35.56 35.64 34.71 35.49 35.17 34.85 21.37 20.65 21.4 20.71 20.67 21.18 
Cr203 0 0 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0 0.01 0 0 0.01 
FeO 0.081 0.37 0.09 0.1 0.3 0.27 0.11 0.18 0.67 0.35 0.27 0.3 0.29 0.51 































BaO n.a. n.a. n.a. n.a. I 	n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Na20 0.55 0.55 0.58 0.57 0.64 0.46 0.58 0.8 8.39 8.4 8.17 8.1 8.04 6.65 
K20 0.02 0.02 0.01 0.02 0.05 0.01 0.02 0 0.07 0.02 0.03 0.03 0.03 0.03 
Total 99.49 99.4E 99.16 98.98 97.9 99.39 99.27 99.13 100.38 99.691 100.23 98.58 98.49 100.13 
Si 2.042 2.032 2.035 2.022 2.037 2.029 2.048 2.064 2.978 3.014 3.001 3.014 3.019 3.047 
-fl  0 0 0 01 0  01  0 0 0 0 01 0 
Al 1.942 1.948 1.956 1.966 1.939 1.951 1.933 1.917 1.085 1.052 1.084 1.066 1.064 1.065 
Cr 0 0 0.001 0.001 0.001  0.001 0.001 0.001 0 0 0 0 0 
Fe 0.003 0.01 0.004 0.004 0.012 0.01 0.004 0.007 0.024 0.013 0.01 0.011 0.011 0.018 
Mn 0.001 0 0.001 0.001 0  0.001  0 0.001 0.001 0.001 0 0.001 
Mg 0 0 0.001 0.001 0.001  0 0.001 0.001 0.013 0.002 0.002 0.002 0.001 0.005 
Ca 0.973 0.975 0.964 0.9721 0.973 0.982 0.971 0.951 0.025 0.025 0.017 0.017 0.014 0.011 
Ba n.a. n.a. n.a. n.a. n.a. n.a. n.a. I 	n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Na 0.05 0.05 0.052 0.052 0.059 0.042 0.053 0.075 0.701 0.705 0.68 0.686 0.681 0.55 
K 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0 0.004 0.001 0.001 0.002 0.002 0.002 
Total 5.012 5.021 5.015 5.02 5.025 5.015 5.012 5.016 4.831 4.813 4.796 4.799 4.792 4.699 
Ab 5 5 5 5 61 4 5  96 96 97 97 98 98 
An 95 95 95 95 941 96 95 931 3 3 21 2 2 2 
Or 0 0 01 01 01 OF 0 - 01  1 0 01 0 0 0 
00 
Rock type CaIcsll CalcslI CalcsII Calcsll CalcsII CaIcsIl CalcsIl CaIcsll 
Catcsll Calcsll CatcsII CalcslI CaIcsIl CaIcsIl Calcsll 
Phase PlaglocI PlaglocI PlaglocI Plagloci Plagloci Plagiocl Plagioci Plaqiocl 































VH438-11 VI-4438-11 VI-1438-11 VH438-11 
PosItIon P1 Core P1 Core P1 Core P1 Core P1 Core P1 Core P1 Core P1 Core P1 Core 
P1 Core P1 Core P1 RIm P1 RIm P1 RIm P1 RIm 
S102 43.21 41.75 42.87 42.48 43.171 43.19 43.16 43.05 42.95 
43.191 42.69 42.56 43.24 43.26 42.83 
1102 0.00 0.0 0.00 0.0 0.00 0.00 0.0 0. 0.0 
0.00 0.0 0. 0.00 0.00 0.00 
1203 35.83 35.8 35.84 35.67 35.851 35.96 35.68 35.89 35.76 
35.83 35.83 36.00 36.22 36.05 36.12 
Cr203 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.01 
0.01 0.01 0.03 0.02 0.00 0.02 
FeO 0.11 0.11 0.12 0.15 0.15 0.14 0.15 0.13 
0.13 0.13 0.12 0.16 0.11 0.12 0.16 
MnO 0.01 0.00 0.02 0 0.00 0.01 0.01 0.03 0.00 
0.00 0.03 0.01 0.04 0.03 0.02 
MgO 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.001 0.00 
0.02 0.01 0.02 0.011 0.00 0.01 
CoO 19.69 19.57 19.76 19.81 19.58 19.63 19.73 19.681 19.76 
19.78 19.66 19.91 19.95 19.99 19.81 
BaO n.a. n.a. n.a. n.e. n.e. n.a. n.e. n.a. n.e. 
n.a. n.a. n.a. n.a. n.a. n.a. 
Na20 0.30 0.32 0.34 0.36 0.361 0.36 0.36 0.37 0. 
0.39 0.40, 0.25 0.24 0.26 0.2 
1(20 0.01 0.01 0.02 0.00 0.01 0.00 0.01 0.01 0.01 
0.02 0.02 0.01 0.01 0.01 0.00 
Total 99.16 97.57 98.98 98.50 99.13 99.31 99.10 99.18 99.00 
99.37 98.75 98.94 99.84 99.73 99.24 
SI 2.018 1.986 2.009 2.002 2.017 2.015 2.019 2.012 2.012 2.015 
2.005 1.997 2.008 2.012 2.00 
TI  0.000 0.000 5.0 0.000 0.000 0.000 0.000 0.000 
boo 0.000 0.000 0.000 0.000  
Al 1.972 2.007 1.979 1.981 _11.975 1.971 1.967 1.977 1.974 
1.970 1.983 1.990 1.982 1.976 1.989 
Cr 0.000 0.0001 0.000 0.000 0 0.000 0.000 0.001 0.000 0.000 
0.0001 0.001 0.0011 0.000 - 00 
Fe 0.004 0.0041 0.005 0.006 0 0.006 0.006 0.005 0.005 0.005 0 
0.006 0.004 0.005 0.006  
Mn 0.000 0.0001 0.001 0.001 0 0.000 0.0001 0.001 0.000 0.000 0.001 
0.000 0.001 0.001 -  0.001 
Mg 0.001 0.0001 000 0.000 0.001 0.001 0.001 0.000 0.000 0.002 0.000 
0.001 0 0.000 0.001 
Ca 0.985 0.9981 0.992 1.000 0.980 0.981 0.989 0.986 0.991 
0.989. 0.989 1.001 0.993  0.996 0.99 
Be n.e. n.e. n.a. n.a. n.a. n.a. n.e. n.a. n.a. n.a. n.a. n.e. 
n.e. n.a. n.a. 
Na 0.027 0.030 0.031 0.033 0.033 0.033 0.033 0.033 0.035 0.035 0.036 0.023 
0.022 0.024 0.02 
K 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 
0.000 0.001 0.000 0.00 
Total 5.009 5.02 5.018 5.024 5.01 5.01 5.014 5.01 5.018 5.017 5.02 5.01 
5.01 5.013 5.01 
Ab 3 3 3  3  3 3 4 
 21 
An 971 971 971 97 97 9 971 971 971 97 96 98 98 
981 9 
Or 0 Ol 0 0  0  01 0 0 
 0 
-1 
Rock type Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Cal csil Calcsil Calcsil 
Calcsil 
Phase Plagioci Plagiocl Plagiocl Plagioci Plagiocl Plagiocl Plagiocl Plagiocl Plagiocl Plagioci Plagiocl Plagioci I Plagioci 
Plagiocl PlagiocI 
Texture T5 15 T5 T5 T5 T5 15 T6 T6 T6 T6 T6 T6 T6 
16 
Thin section VH484 VH484 VH484 VH484 VH484 VH484 VH484 VH483 VH483 VH483 VH483 VH483 VH483 VH483 
VH483 
Position 	IC C C 	IR R R R 	I SYMPI Sympl Sympi 	ISYMPI Sympl Sympi Sympi 
Sympi 
Si02 44.29 44.45 44.60 43.62 43.94 43,88 44.261 43.14 43.31 43.351 43.35 43.72 43.741 43.52 
43.51 
Ti02 0.03 0.01 0.02 0.02 0.01 0.03 0.021 0.02 0.02 0.031 0.01 0.03 0.021 0.01 
0.01 
A1203 34.68 34.81 34.80 35.24 35.26 34.72 34.831 35.64 35.65 35.821 35.33 35.56 35.36 35.52 35.44 
Cr203 0.00 0.00 0.00 0.02 0.02 0.00 0.001 0.01 0.03 0.001 0.00 0.03 0.00 0.00 0.00 
FeO o.jol 0.08 0.11 0.171 0.23 0.19 0.111 0.20 0.14 0.211 0.21 0.17 0.11 0.18 0.19 
MnO 0.021 0.00 0.01 0.021 0.00 0.02 0.01 0.01 0.00 0.051 0.02 0.01 0.01 0.03 0.03 
MgO 0.011 0.01 0.02 0.02 0.02 0.01 0.01 0.00 0.02 0.02 0.01 0.00 0.01 0.01 0.01 
CaO 19.15 19.10 18.99 19.59 19.74 19.16 19.19 20.14 20.20 20.17 20.01 19.96 19.86 19.86 19.82 
BaO n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Na20 0.83 0.83 0.92 0.54 0.56 0.71 0.82 0.29 0.29 0.30 0.35 0.41 0.42 0.45 0.46 
K20 0.02 0.02 0.01 0.01 0.02 0.01 0.021 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 
Total 99.11 99.31 99.47 99.25 99.81 98.72 99.26 99.46 99.66 99.97 99.31 99.90 99.53 99.58 99.50 
Si 2.0681 2.0701 2.073 2.037 2.042 2.058 2.063 2.014 2.017 2.014 2.026 2.03( 2.036 2.027 2.029 
Ti 0.0011 0.0001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000 
Al 1.908 1.9101 1.906 1.940 1.931 1.919 1.913 1.961 1.957 1.961 1.946 1.94 1.940 1.950 1.947 
Cr 0.000 0.0001 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 
Fe 0.004 0.003 0.004 0.007 0.009 0.007 0.004 0.008 0.005 0.008 0.008 0.007 0.0041 0.007 0.008 
Mn 0.001 0 . 000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.002 0.001 0.000 0.001 0.001 0.001 
Mg 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.000 0.002 0.002 0.001 0.000 0.001 0.001 0.001 
Ca 0.9581 0.953 0.946 0.9801 0.982 0.963 . 0.958 1.007 1.008 1.004 1.002 0.993 0.991 0.991 0.990 
Ba n.a. n.a. n.a. n.a. I 	n.a. na. n.a. na. n.a. n.a. na. n.a. na. n.a. n.a. 
Na 0.075 0.075 0.083 0.049 0.051 0.065 0.074 0.026 0.026 0.027 0.032 0.036 0.038 0.040 0.042 
K 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001 
Total 5.015 5.013 5.015 5.017 5.018 5.014 5.016 5.018 5.017 5.019 5.017 5.014 5.012 5.018 5.019 
Ab 7 7 8 5 5 6 7 3 3 3  4 4 4 4 
An 1 	931 94 92 95 , 95 94 93 97 97 971 971 96 961 96 96 
Or 1 01 01 01 01 0 0 0 0 0 01 01 01 01 01 0 
00 
C 
Rocktype Peilte Pdlte Pele Pelite Pefite Pelite Pelite Petite PeIlte Gnelss Gnelss 
Gnelss Gnelss Onss r3nelss Gndss Oneiss 
Phase Plagloci Pbglod laocl PlaglocI PlaglocI Plagbcl Plagiod Plagocl PlaglocI PlaglocI Pllocl 
Pllocl PlIocl Plaocl PlaglocI Plagloci Plaglocl 
Texture 
Thin sectlai VH483-7 VH483-7 fH483-7 VH483-7 VH483-7 VH463-7 VH483-7 VH483-7 VH483-7 VH483-7 V83-7 VI-fl83-7 
VH483-7 VH483-7 VH483-7 VH483-7 
_ VH483- 
Position P Cae P1 1 Core P1 1 Core R 1 Cole P1 1 Core P1 1_Rhi Pt Rim P11 Rim P11 Rim P1 1 Core 
P1 1_Core P1 1 Core P1 1 RIm P1 1_Rim P1 1 	Rim P1 1 Rim P1 2 
S102 57.90 57.93 58.07 58.20 58.15 57.48 57.41 T34 57.30 1 57.68 
57.69 57.3 57.10 57.36 76 47.96 
1102 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0 0.00 0.00 
0.0 0.00 0.00 0.01 
1203 26.22 26.05 26.07 25.89 25.92 26.35 26.15 26.4 26.28 25.9 26.26 26.28 
26.3 26.49 26.48 32.75 
Cr203 0.00 0.02 0.00 0.00 0.0 0.00 0.02 0.00 Toi 0.01 0.00 0.0 0.00 0.00 
0.01 




MnO 0.01 0.01 0.02 0.00 0.0 0.01 0.02 0.0 0.0 0.0 0.02 
0.00 0.01 0.00 0.00  0.01 
MgO 0.02 0.00 0.02 0.02 0.0 0.01 0.01 0.02 0.01 0.0 0.01 0.01 
0.01 0.01 0.01  0.01 
:aO 8.1 8.20 8.22 8.03 8.0 8.4 8.5 8. 8. 8.38 8.3w 















n.a na. n.a. 
7.00 6.65 6.56 15 6.50 6.50 14 2.17 Na20 
0 0.2 0.19 0.18 0.18 0.18 0.23 Ui 0. 0.20 0.28 0.37 
0.2 0.27 0.31 0.2 0.20 
Total 99.43 99.36 99.571 99.49 99.50 99.27 99.17 99.43 913.80 99.33 99.361 99.33 99. 
99.00 99.34 992 99.48 
s . Tio 2.611 2.618 2.616 2.59:3 2595 . 2.619 2.601 2593 585 258 
2.588 '1 
11 0.000 0.000 0.0001 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.0001 
0.000 0.000 0.000 0.000 0.000 0.000 
1.391 1.383 1.3811 1.373 1.374 1.401 1393 1.404 1.403 1.376 1.3951 1.397 1404 1.413 
1.408 1.408 1.77 
C 0. 0 1 0.000 0.000 0.000 0.000 0.001 0.000 0 0.000 0.0001 0.000 
OD01 0.000 0.000 0.001 0.000  
e 1. 0 0 0.003 0.002 0.002 0.002 0.00 ö. U 0.002 .003 0.003 0.002 . 
. 0.003 0.006  
n 0.00 0. 0.001 0.000 0.001 0.0001 0001 0.0001 0 0.000 0.001 0.000 
ODOOI 0.000 0.000 0.0001 0.000  
Mg 0.001 0.000 0.001 0.001 0.001 0.0011 0001 0.001 1_0 0.001 0.000 0.001 OD011 0.001 
0.000 0.000 0.001  
Ca 0.394 0 0.396 0.387 0.386 0.4101 0414 0.4131 0.409 0.383 0.405 0403 04111 0.415 0.416 
0.416 0.801 
Ba n.a. I 	n.a. n.a. 1 	n.a. n.a. n.a. n.a. n.a n.a. n.a. n.a. n.e. rta. Wa a. n.a. n.a 
Na 0.5961 0.601 0.6031 0.621 0.623 0.586 0592 0.588 0.579 0.611 0.581 0.574 0569 0.570 0.568 
0.565 0.194 
K 0.0121 0.012 0.0111 0.010 0.010 0.010 0013 0.011 0.009 0.011 0.016 0.021 0017 0.016 0.018 0.016 0.012 
Total 5.002 5.005 5.006 5.011 5.013 5.004 5010 5.011 4.997 5.004 5.001 4.998 4297 5.0021 5.001 
4.998 5.003 
Ab _5 60 60 61 6 58 58 58 58 6 58 58 57. - 57 57 
19 
n 3 39 39 38 38 4 4 41 41 3 40 40 4 41 41 421 
80 
Or  I I 1 11 1  11 1  1.  1 2 2  2 2 
2 _1 
00 





































Texture TI TI TI TI TI TI TI TI TI TI TI TI TI Ti 
TI TI 




Core Core Core Core Rim Rim Rim Rim Rim Core Core Core Core Rim Rim 
Rim 
Si02 41.5 41.68 41.49 41.80 42.43 41.24 41.84 41.81 41.95 42.43 42.39 42.48 42.71 
43.10 43.20 42.41 
Ti02 0.00 0.08 0.01 0.00 0.04 0.121 0.00 0.00 0.02 0.00 0.04 0.00 0.00 
0.09 0.00 0.00 
J203 29.22 29.27 29.29 29.23 28.62 29.241 29.19 29.12 29.32 29.37 29.48 29.501 29.24 29.35 
29.32 29.41 
Cr203 0.01 0.00 0.00 0.00 0.03 0.001 0.01 0.04 0.03 0.03 0.00 0.011 0.01 0.03 0.04 
0.01 
FeO 0.06 0.13 0.12 0.08 0.16 0.121 0.13 0.12 0.16 0.06 0.10 0.09 0.11 0.14 
0.22 0.15 
MnO 0.02. 0.03 0.01 0.03 0.01 0.031 0.01 0.02 0.01 0.03 0.04 0.00 0.02 0.01 0.03 
0.03 
MgO 0.031 0.03 0.03 0.031 0.03 0.021 0.02 0.02 0.03 0.01 0.02 0.01 0.01 0.02 
0.01 0.02 
CaO 22.151 22.14 21.95 21.82 21.80 22.151 21.31 21.84 21.35 20.41 20.55 20.56 20.50 20.14 
19.98 20.33 
Na20 1.271 1.27 1.31 1.45 1.39 1.291 1.38 1.41 1.55 2.17 2.05 2.11 2.09 2.25 2.22 2.12 
<20 0.191 0.18 0.19 0.21 0.25 0.201 0.18 0.20 0.22 0.17 0.20 0.18 0.18 0.20 0.18 
0.17 
S03 0.001 0.04 0.02 0.00 0.04 0.00 0.04 0.02 0.02 0.04 0..05 0.031 0.01 0. Y3 0.03 0.03 
Cl  0.12 0.12 0.11 0.10 0.15 0.12 0.12 011 0.10 0.15 0.15 0.151 0.17 0.19 0.17 0.16 
otel 94.63 94.97 94.53 94.74 94.93 94.51 94.241 94.77 94.741 94.86 95.06 95.121 95.04 95.541 95.41 94.82 
=Cl 0.03 0.03 0.02 0.021 0.03 0.03 0.03 0.02 0.021 0.03 0.03 0.031 0.04 0.041 0.04 0.04 
otal 94.61 94.94 94.50 94.72 94.90 94.49 94.22 94.75 94.721 94.83 95.02 95.0 95.00 95.50 95.37 94.78 
Si  6.563 6.566 6.550 6.578 _6.685 6.537 6.585 6.595 6.580 6.608 6.595 6.599 6.642 6.657 6.668 6.603 
Ti  0.0001 0.009 0.001 0.000 004 -  0.014 0.000 0.000 0.002 0.000 0.005 0.000 0.000 0.011 0.000 0.000 
Al  5.4371 5.434 5.450 5.422 5.315 5.4631 5.415 5.405 5.420 5.392 5.405 5.401 5.358 5.343 5.332 5.397 
Cr 0.001 0.000 0.000 co - 0.003 0.000 0.001 0.005 0.004 0.003 0.000 0.001 0.0011 0.003 0.0 0. 
Fe 0.008 0.017 0.016 0.0101 
- 
0.021 0.016 0,017 0.016 0.020 0.007 0.013 0.012 0.015 0.0191 0.028 0. 
Mn 0.002 0.004 0 0.0041 0.001 UO3 0.002 0.003 0.001 0.004 0.006 0.000 0.003 0.001 0.004 0.004  
Mg 0.007 0.007 0.006 0.007 0.006 0.004 0.004 0.006 0.006 0 0.003 0.003 0.003 0.005 0.003 0.005  
Ca 3.746 3.737 3.713 3.679 3.681 3.762 3.594 3.686 - 588 3.406 3.425 3.421 3.415 3.332 3.304 3.391  
Na 0.390 0.389 0.401 0.442 0.426 0.397 0,422 0.431 -  473 
- 
0 0.617 0.635 0.629 0.673 0.665 0.639  
0.0391 0.036 0.038 0.042 0.050 0.0401 0.036 0.040 0.0431 0.033 0.039 0.0361 0.035 0.039 0.035 . 
S 0.000 0.004 0.002 0.000 0.004 0.000 0.005 0.002 0.002 0.005 0.006 0.003 0.001 0.003 0.003 0.00 
Cl 0.031 0.032 0.029 0.025 0.040 - 0.032 0.028 0.027 0.041 0.038 0.038 0.044 0.049 0.044 0.04 
Total 16.225 16.236 16.207 16.2111 16.236 16.257 16.113 16.215 16.167 16.156 16.151 16.150 16.146 16.13 16.093 16.13 
EgAn 81.22 81.14 81 80.721 77.16 82.10 80.49 80.17 80.65 79.72 80.17 80.04 78.61 78.10 77.74 798 









































































































































































 0.02 0.02 0.02 0.02 00 0. 0.02 0.0 0.02 0.02 0.0 0.0 0. 0.02 0.0 
CeO  15.17 14.87 15.14 14.17 13. 14.40 13.45 20.60 20.72 20.93 20.57 20.65 19. 20.27 
20.1 
Na20  3.97 4.54 4.42 4.39 T54 7 5.11 2.11 2.17 2.07 2. 1.9 2. 2.40 
27 
K20 0.54 05 0.54 0.62 06 . 0.0 0.08 0.07 0. 0.0 0. 00 
03 . 0.02 0.0 0.04 00 0.0 0. 0.0 0.1 0.16 0.07 0.87 0.1 0.0 0.0 0.08 
1.06 1.05 1.1 1.07 1.3 1. 1. 1.4 0.0 0.02 0.02 0.0 0.01 0.0 0.02 0.03 
at 95.94 95.48 96.47 96.07 96.25 96.47 96.88 96.58 94.74 95.14 95.43 96.53 94.63 95.13 95.08 94.86 
0 Cl 0.24 0.24 0.26 0.24 0.29 0.31 0.27 0.33 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.0 
Total 95.70 95.25 96.20 95.83 95.96 96.16 96.61 96.25 94.73 95.14 95.43 96.53 94.63 95.12 95.08 94.85 
Si  7 7.284 7.359 7.303 7.431 7.468 7.435 7.542 6.7011 6.675 6.647 6.667 6.696 6.813 6.788 6.795 
Ti  0.002 0.000 0.001 0.000 0.001 0.000 0.002 0.015 0.004 0.000 0.002, 0.008 0.010 0.006 0.005 0.000 
_4.688 4.716 4.641 4.697 4.569 4.532 4.565 4.458 5.299 5.325 5.353 5.333 5.310 5.187 5.212 5.205 
Cr 0.005 0.001 _0 0.000 0.005 0.003 0.003 0.002 0.001 0.001 0.002 0.001 0.001 0.000 0.000 0.00 
Fe 
- 
0.009 0.007 0.010 0.022 0.006 0. 0. 0.028 0.03 0. 0.14 0.0 0.03 0.031 0.049 
Mn = 0.001 0 0.002 0.004 0.003 0.004 0.003 0.005 0.003 0.006 0.004 0.004 0.006 0.004 0.006 
0.004 0004 0 0.004 0.004 0.005 0.005 0.004 0.006  gO 0. 0.00 Q. 0.00 0.004 0.006 
2.441 4 2 2.449 2.275 2.226 307 2.157 3.456  467 34 33 34 3.31 3.38 3.367 
1.255 1.1 1 3 1.294 1.275 1.314 1.44 1.483 0.642 0.657 0.6 62 0 0.75 0.72 0.687 
W 
 0.101 0.1 0. 0.104 0.118 0.118 0.1 0.112 0.014 0.0 	7 0.014  0 0 	1 0.01 0.01 0.018 
 0.001 0.0 0.0 0.004 0.002 0.005 0.0 0.004 0.016 0.0 0.008  .101 022 0.00 0.00 0.010 
0.2711 0.269 0.298 0.275 0.331 0.348 0303 0.375 0.002 0.006 0.004 0.006 0.004 0.005 0.005 0.008 
Total 16.0931 16.0121 16.141 16.143 16.034 16.030 16.173 16.165 16.173 16.210 16.175 16.338 16.1391 16.150 16.183 16.151 
EgAn 56.261 57.211 54.70 56.58 52.31 51.05 52.18 48.61 76.63 77.50 78.44 77. 77.08 72.8 73.72 73.51 




Rocktpe 	ICalcsiI Cel Calcsil Ccsil Calcsil Calcsil Ccsil Calcsil 
Calcsil Calcsil Calcsil Calcsil Ccsil CalcsU Calcsil Calcsil 
Phase Scalite Scalite ScapDlite Scapolite Scapolite Scapolite Scapolite Scapdite Scapdite 
Scapolite Scapolae ScaIite Scapolite Scxlite Scapolite Scapolite 
Texture T3 T3 T3 T3 T3 T3 T3 T6 T6 T6  
16 16 T6 T6 T6 
Thin section VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH483 VH483 VH483 
VH483 VH483 VH483 VH483 VH483 VH483 
Position SqRim ScpCore ScpbCore' ScCore* ScpbRim' SCPb Rim ScpbRim Vein Vei, Vein 
Vein Vein Vein Vein Vein Vein 
5102 44.32 41.78 41.65 41.87 42.84 42.14 42.19 50.96 50.17 
50.62 50.68 50.27 49.921 50,82 50.54 50.86 
002 0.00 0.10 0.00 0.0 0.00 0.01 0.00 0.0 0.02 
0.03 0.02 0.06 0.011 0.00 0.00  
A1203 28.16 29.38 29.28 29.49 28.34 28.88 29.13 25.07 25.58 
25.58 25.11 257 25.46 24.96 25.08 24.95 
Cr203 0.03 0.00 0.00 0.02 0.02 0.01 0.00 0.04 0.02 0.01 
0.04 0.01 0.00 0.00 0,01 0.00 
FeO 066 0.15 0.22 0.08 0.30 0.21 0.26 0.18 0.16 
0,14 0.07 0.11 0.21 0.12 0.15 0.1 
MnO 0.031 0.02 0.03 0.0 0.01 0.04 0.07 0.0 0.00 0.03 
0.03 0.0 0.04 0.01 0.0 0.03 
JO 0.21 0.0 0. 0.0 0.1 0.02 0.02 0.0. 
0.02 0.03 0.0 0.0 0.02 T0 02 
CeO 19,47 20.8 20.7 20.2 19.87 20.3 20.77 12.5 14.03 
13.7 13.38 13.37 13.92 13.18 13.40 13.14 
a20 2.22 1.8 1.88 2.13 2.41 2.17 1.98 3.9 4. 3. 
4.19 3.7 4.19 4.89 4.33 5.12 
20 009 0.0 0.08 0.18 0.08 0.08 0,07 0. 0. 
0.43 0.4 0.43 0.46 0,45 0.48 
S03 0.17 0.1 0,1 0,02 0.14 0,10 0.16 0.0 0.0 
0.01 0.01 0.01 0.02 0.02 02 
a 0.05 0.1 1.05 0,15 1.80 1.19 1.00 Ti 173 1.8 1.93 1.80 1.80 2.00 
1.96 7.02 
Total 9540 94. 95. 94.24 95.9' 95.16 95.65 3 .2 96.0 95.90 95.43 96.0 
96.4 95.98 6 16 
o=a 001 0.0 0.24 0.03 0.41 0.27 0.22 a47 0.3 0.4 0.43 0.41 0.41 
0,45 0.44 0.46 
Total 95.39 94.5 94.94 94.20 95.51 94.89 95.42 94.9 958 95.6 95.46 
95.02 95.62 96,02 95.53 96.30 
Si 6.862 6,562 6.563 6.557 6,743 6,639 6.616 7.5 7.4 7.521 7.577 7,502 
7.495 7.60 7,57 7.603 
Ti  0000 0.012 0.000 0.00 0.000 0.00 0.000 0 To 0.00 0,002 0.007 0.001 0.000 •000 0.000 
Al 5,138 5.43 5.44 5,251 5.361 5.384 4.4 4.5 4.47 4,423 
4.498 4.505 4.399 4.397 
Cr 0.004 0.000 _0.0 0.00 0,002 0.001 0.000 0. 0.0 0.001 0.004 
0.001 0.000 0.000 000 0.000 
Fe 0.085 0.02 0.029 0.01 0,04 0.02 0.034 2 00 0.01 0 
0.014 0.026 0,016 0,015 
0.00.4 0.0 0.4 0.00 0.001 0.00 0.009 0 000 0,004 U 0.003 0.00 0.00 
• 0.003 
Mg 0,048 0.006 0.006 0.00 0.027 0. 0.004 0. 0.007 0.00 00 0,003 0.008 0,005 0.0 
0.004 
Ca 3.230 3.514 3.508 3.39 3.350 3. 3.490 1. 2245 2.19 21 2,138 2.240 2.11 
2.105 
Na 0.665 0.572 0.57 0.64 0.73 0.662 0.601 1.149 1.164 1.06 1.21 1.086 1.220 
1.416 1.2 1.483 
K 0,017 0.015 0.01 0.037 0.015 0.0 0.015 0.0 0.084 0.07 0,081 0.082 0.082 0.08 0.0 
0.092 
S 0.020 0.014 0,022 0,00 0.017 0.0 0.019 0.0 0.001 0.00 Ofl 0,001 0.001 0.00 
0.002 
0 0.0121 0,036 0,281 0.041 0.3 0.265 0.531 0.439 0,45 04 0,454 0,459 0.50 
0.4 0.513 
Total 16.087 16.193 16.437 16.147 16.6 6.47 16,437 15.804 15,964 15,816 15.9 15,789 16.041 16,14 16.020 16,218 
EgAn 71.28 81.27 81.25 81.42 
0.4t
8l 
75. 78.71 79.47 46.79 5015 49.31 47.4 49.93 50,17 46.6 47.62 46.55 
X 83.15 85.81 85.78 83.30 81. 83.66 85.17 
r) orl 64.58 66.0. 62.55 64.96 63.63 58.66 61.81 57.47 
tIj 
00 






Rock tWe CaicsII Calcsii CaIcsü Cal csii Caicsfl CaIcsl Calcsii Caicsii Caicsil Calcsli Caicsl Calcsii 
Calcail CaicsiI 
Texture TI TI Tl TI Tl TI TI Tl TI Tl Tl Tl Tl 
TI 
Thin section VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH437-4 VH4374 VH4374 
Garnal chronology Gi l Gt1 Gt1 Gt1 Gti a 1 Gti 13 1 Gt2 Gt2 a2 Gt2 Gt2 a2 
Positbn Core Core Core 	I Rim Rim Rim Rim 	I Rim Rimming Rimming Rh'nming Rimming Flimming 
Rimming 
S102 37.3 37.46 37.48 37.49 37.44 37.81 37.78 37.38 38.31 37.76 37.66 38.22 38.23 
38.49 
1102 1.18 0.99 0.94 1.07 0.94 0.85 0.82 0.82 0.18 0.18 0.06 0.08 0.29 
0.03 
A1203 15.04 15.05 15.07 15.11 15.06 15.39 15.32 15.15 17.05 17 17.53 18.26 17.61 19.54 
Cr203 0.29 03 0.11 0.29 0.26 0.1 0.18 0.19  0.05 0.05 0.04 0.08 
0.04 
Fe203 9.73 9.74 9.78 9.58 9.75 9.13 8.76 9.79 7.05, 7.46 6.55 5.36 6.28 2.81 
FeO 3.11 32 3.49 3.37 3.53 3.75 4.18 3.37 8.13 6.97 9.07 10.15 8.37 
12.42 
MnO 0.95 1.05 1.131 1.04 11 1.181 1.14 1.17 2.46 2.25 2.68 2.75 2.32 3.1 
gO 0.37 0.37 0.4 0.36 0.36 0.39 0.39 0.36 0.31 0.33 0.29 0.37 0.38 0.36 
aO 31.87 31.64 31.36 31.71 31.38 31.4 31.03 31.37 27.14 27.63 25.56 25.05 26.88 23.24 
a20 0.02 0.05 0.03 0.02 0.01 0.02 0.03 0.01 0.01 0.01 0.01 0.02 0.02 0.01 
20 0.01  0 0.0  0  0 0 0.01 0 0.0 0.01  0.01 0.01 
Total 99.87 99.85 99.79 100.05 99.89 100.02 99.63 99.62 100.6 99.651 99.47 100 100.471 100.11 
0.006 1 
Si  2.937 2.949 2.9541 2.946 2.949 2.967 2.977 2.951 2.997 2.978 2.98 2.994 2.987 3.01 
Al  1.396 1.397 1.399 1.39 1. 1.42 1422 1.409 1.572 1.58 1.63 1.686 1.622 1.0 
Cr 0.018 0.019 0.007 0.01 0. 0.011 0.012 0 0.003 0.003 0.002 0.005 0.00 
Fe 0.576 0.577 0.58 0.567 0.578 0.539 0.521 0.582 0.415 0.443 0.391 0.316 0.369 0.16 
11 0.07 0.058 0.056 0.063 0.056 0.05 0.049 0.048 0.011 0.011 0.004 0.004 0.0171 0.00 
Fe2 0.205 0.211 0.23 0.221 0.233 0.246 0276 0.222 0.532 046 0.601 0.665 0.547 0.813 
Mg 0.043 0.043 0.0471 0.042 0.042 0.046 0.046 0.042 0.036 0.038 0.034 0.043 0.045 0.04 
Mn 0.063 0.07 0.0761 0.069 0.077 0.078 0.076 0.078 0.163 0.15 0.18 0.183 0.154 0.0 
Ca 2.689 2.669 2.648 2.67 2.649 2.64 2.621 2.654 2.275 2.335 2.169 2.103 2.251 1.94 
Na 0.003 0.007 0.004 0.002 0.002 0.003 0.004 0.002 0.001 0.002 0.001 0.002 0.003 0.00 
K 0.001 0  0 0.001  0  0 0.001 0 0.001 0.001 0 0.0011 0.001 
Total 8.001 8 8.001 7.998  8 7.999 8.001 8.0011 8.002 8.001 8.002 7.998 8.001 8.001 
XMg 0.052 0.0521 0.055 0.051 0.049 0.055 0.055 0.050 0.037 0.040 0.033 0.042 0.047 0.041 
XM9' 0.173 0.169 0.170 0.160 0.153 0.158 0.143 0.159 0.063 0.076 0.054 0.061 0.076 0.049 
Alm 7 7  8 7  8  9 7 18 15 20 22 18 27 
Sps 2 2  3 2  3  3 3  5 5 6 6 5 7 
Pyr 1 1  1 1 2  2 1  1 I 2 1 
And 301 30 30 30 30 28 271 30 21 22 19 16 19 9 
Grs 591 591 581 59 58 60 601 591 55 56 53 54 56 56 
ock type Ccsil Ccsil Calcsil Calcsil Calcsil Ccsil Calcsil Caksil CcsiI CcsiI 








































































































A1203 18.05 17.7 18.19 17.9 16.59 16.58 15.8 16.41 lo 
















































































aO 32. 32.8 32.5 33.0 . 31. 31.3 30.3 30.1 30.7 36.04 36.5 



























































































Fe3 0.393 OAll 0.371 0.425 0.508 0.49 0.5571 0.51 0.577 1 0.2391 0.132 0.272 0.264 0.267 0 0 
Ti 0.035 0.039 0.049 0.036 0.035 0.036 0.023 0.018 0.022 0 01 0405 
 0 0.07 0 0 
0.135 0.138 0.167 0.115 0.208 0.211 0.275 0.275 0.233 0 0 0.0191 0 0 0 
0 
Mg 0.028 0.029 0.037 0.0311 0.034 0.036 0.034 0.03 0.026 0.006 0.004 0.0071 0.004 
0.006 0 0 

































K 0 0 - U 0.001 0 0 0 0 • 0 U 0 0.001 0 
0 
Total 8.001 8.001 8.001 8 8 8.001 8.002 8 8 8.002 8.008 7.999 8.016 8.003 8 8 
XMg 0.050 04050 0.064 0.054 0.045 0.049 0.039 0.037 0.031 0.024 0.029 0.023 0.015 0.022 0.012 0.015 
XMg 0.172 0.174 0.181 0.212 0.140 0.146 0.110 0.098 0.100 1.000 1.000 0.269 1.000 1.000 0.057 0.098 
AIm 5 5 6 4 7 7 9 9 13 0 0  1 0 0 4 2 
Sps 21 3 3 3 4 4 4 4 4 1 1 1 1 1 2 1 
Pyr 1  1 1  1 1 ___ 1 1 1 0  0 0 0 U U 
And 20 2 19 . 	 21 26 25 28 25 29 1 7 14 13 14 24 23 
Grs 72 7 71 71 63 63 571 60 58 1 	871 92 84 85 85 701 73 
00 
00 
Rocktype Calcsil Calcsil Calcsil Calcsil Calcsv Calcsd Calcsil C8lcsil Calcsil Calcsil Celcsil Calcsil Calcsil Calcsil Celcsil Calcsil 
TWre T2 T2 T2 T3 13 T3 T3 T3 T3 T3 T3 T3 13 T3 T3 13 
Thin seion VH1 VH1 VH1 VH526 VH526 VH526 '11-1526 VH526 Vl-1526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 
Garnet chronology Gt2 Gt2 Gt2 Gt1 Gt1 Gt1 Gt1 Gt1 Gt1 Gt1 Gt1 Gt2 a Gt23 Gt2 a Gt2a Gt2a 































A1203 17 17 17 13 13 13 13 13 12.95 13.35 13.58 19.71 19.75 19.8 20.07 20.08 
Cr203 U 0  0  0.1 0.12 7.03 0.1 0.2 0.0 0.0 






1 1 ___ 






















IgO  0 
__
______  0.33 0.32 0.3 0.96  7.9 0.91 0.9 
CeO 34 34 34 31 31 31 311 30 30.76 30.66 30.46 15.96 14.85 14.59 14.73 15.4 
Na20 0 0  0 0 0 01 0 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.0 
K20 0 0    0 0 0 0 ______ 0.01 0 0.02 0.0 0 
Tot 100 100 100 101 10 101 101 101 100.72 100.671 100.67 99.951 100.2 100.42 100.41 100.37 
Si  3 3 31 3 3 3 3 2.946 2.944 2.955 2.981 2.965 2.987 2.971 2.982 
Al  2 2 11 1 1 1 1 1.208 1.244 1.265 1.847 1.853 1.853 1.876 1.874 
Cr  01 0 01 0 0 0 0 0.01 0.008 0.002 0.008 0.011 0.016 0.003 0.001 
Fe3 ' 1 0 1 1 1 1 1 0.796 0.774 0.753 0.183 0.201 0.158 0.177 0.154 
Ti  0 0 0 0 0 0 0 0.05 0.045 0.037 0.002 0.005 0.001 0.002 0.004 
0 0 0 01 0 0 0 0.276 0.279 0.292 1.373 1.44 1.477 1.4531 1.428 
Mg  0 0 0 0 0 0 0 0.039 0.038 0.035 0.114 0.113 0.114 0.1081 0.108 
Nin  0 0 0 0 0 0 0 0.064 0.009 0,08 0.131 0.143 0.151 0.156 0.137 
Ca  31 3 3 3 3 3 3 2.609 2.598 2.579 1.3591 1.266 1.241 1.253 1.311 
Na  01 0 0 0 0 01 0 0.003 0.002 0.003 0.0011 0.002 0.002 0.002 0.001 
K  01 0 0 0 0 0 0 01 0.001 0 0.0011 0.002 0.001 0 0 
Total  8 8 8 8 8 8 8 8.001 8.002 8.001 7.9991 8.001 8.001 8.001 8 
X1 g 0.011 0.014 0.014 0.030 0.032 0.033 0.036 0.033 0.035 0.035 0.032 0.068 0.064 0.065 0.062 0.064 
XMg 0.064 0.110 0.062 0.116 0.121 0.117 0.121 0.099 0.124 0.120 0.107 0.077 0.073 0.072 0.069 0.070 
Aim 3 2 4 8 9 9 9 12 9 9 10 46 49 50 49 48 
Sps 1 1 2 2 2 2 21 3 2 21 3 4 5 5 5 5 
Pyr 01 01 0 1 11 1 1 1 1 1 1 4 4 4 4 4 
And 231 251 23 42 411 41 39 391 41 39 381 9 10 8 9 8 
Grs 731 711 71 46 471 1 	46 48 481 36 32 33 33 36 
tQ 
00 
ocktype .CaIcsH Calcsil Celcsil Calcl Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calesil Calcsil Calcsil CaIcsil 
exture T3 T3 T3 13 T3 T3 T3 13 T4 T4 14 T4 T4 T4 T4 
hin section VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH526 VH438-11 VH438-11 VH438-11 VH438-11 VH438-1 1 VH438-11 VI-1438-11 
Gametchmnology Gt20 Gt20 Gt2e Gt2 Gt2b Gt2b Gt2b Gt2b Gt 1 Gt 1 Gt 1 
Gt 1 Gt Ct 1 Ct 1 
Dosition Rimming Rimming Rimming Rimming Rimming Rimming Rimming Rimming Core Core Core Core Core Core Core 
Si02 37.77 37.811 37.11 37.74 38.03 37.8 37.951 37.78 37.43 37.55 37.191 36.9 37.04 36.94 37 
02 0.07 0.081 0.12 0.08 0.09 0.08 0.06 0.07 1.08 0.93 1.2 1.2 1.21 1.161 1.2 
1203 20.1 20.041 19.08 19.59 19. 	9 19.89 19.94 19.91 16.21 
16.43 16.031 15.87 15.78 15.581 15.98 
Cr203 0.03 0.051 0.02 0 0.02 0.01 0.03 0.04 0.1 0.11 0.11 0.12 0.16 0.13 0.0 
e203 3.41 3.941 5.69 4.5 4.09 3.79 3.87 3.9 8.02 7.65 8.18 8.84 8.44 8.61 8.5 
FeO 15.45 14.261 12.39 14.08 14.28. 15.32 14.93 14.72 3.32 3.17 2.53 1.73 2.82 2.36 1.8 
mO 4.01 3.731 3.38 2.92 2.941 3.16 2.9 2.91 0.84 0.86 0.81 0.82 0.88 0.79 0.81 
IgO 0.63 0.63 0.6 0.69 0.68 0.71 0.65 0.69 0.53 0.55 0.5 0.5 0.5 0.49 0.5 
80 19.2 20.32 21.49 20.99 21.06 19.88 20.58 20.56 31.66 31.71 32.14 32.51 31.81 3.1 32.52 
Na20  0.02 0.02 0.01 0.02 0 0.01 0 0.01 0.01 0.03 0.02 0 0.01 0.01 
20    0 0.01 0 0 0 0 0.01 0 0.01 0.01 0 0.01 
otal 100.67 100.88 99.9 100 100.91 100.64 100.92 100.58 99.2 98.98 98.72 98.52 98.65 98.17 98.49 
Si 2.965 2.956 2.935 2.959 2.971 2.964 2.965 2.961 2.945 2.955 2.938 2.922 2.935 2.939 2.92 
1.86 1.847 1.779 1.81 1.8121 1.838 1.836 1.839 1.503 1.524 1.493 1.481 1.474 1.461 1.49 
Cr 0.002 0.003 0.001 0 0.0011 0.001 0.002 0.002 0.006 0.007 0.007 0.008 0.01 0.0081 0.004 
0.201 0.232 0.339 0.266 0.24 0.223 0.227 0.23 0,475 0.453 0.487 0.527 0.503 0.515 0.50 
0.004 0.005 0.007 0.005 0.005 0.005 0.004 0.0041 0.064 0.055 0.071 0.071 0.072 0.069 0.07 
1.014 0.9321 0.82 0.923 0.933 1.005 0.976 0.965 0.219 0.209 0.167 0.115 0.187 0.157 0.12 
0.073 0.074 0.071 0.08 0.079 0.083 0.076 0.08 0.062 0.0641 0.059 0.059 0.059 0.058 0.05 
In 0.267 0.247 0.226 0.194 0.194 0.21 0.192 0.193 0.056 0.057 0.054 0.055 0.059 0.0531 0.054 
Ca 1.614 1.707 1.821 1.763 1.762 1.671 1.722 1.726 2.669 2.674 2.72 2.759 2.701 2.7371 2.75 
Na 0 0.003 0.002 0.002 0.003 0 0.001 0.001 0.002 0.002 0.005 0.003 0 0.002 0.00 
K 0 0 0 0 0.001 0 0 0  0.001 0 0.001 0.001 0 0.001 
otal 8 8.001 8.001 8.002 8 8 8.001 8.001 8.001 8.001 8.001 8.001 8.001 7.999 8 
xM g 0.057 0.060 0.058 0.063 0.063 0.063 0.059 0.063 0.082 0.088 0.083 0.084 0.079 0.079 0.086 
(Mg' 0.067 0.074 0.080 0.080 0.078 0.076 0.072 0.077 0.221 0.234 0.261 0.339 0.240 0.270 0.326 
Urn 34 32 28 31 31 34 33 33  7 6 4 6 5 4 
Sps 9 8 8 7 7 7 6 7  2 2  2 2 2 2 
>yr 2 3 2 3 3 3 3 3   2  2 2 2 2 
nd 10 11 171 13 12 11 11 11 251 23 2 27 26 27 26 
Grs 441 461 451 46 47 45 47 47 641 661 651 65 63 64 66 
ocktpe Calcsil Calil Calcsl Calcsil Calcsil Calcsil Calcsil Calcsil Ccsil CalcsiI Calcs Calcsil Calcsil Calcsil 
Calcsil Ccsil 
Eexture T4 T4 T4 T4 T4 T4 14 T4 T4 T4 T6 T6 T6 T6 
16 16 
rhin section VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH483 VH483 VH483 
*1483 VH483 VH483 
Garnetchronology Gt1 Gt1 Gt1 Gt1 Gt1 Gt2 Gt2 Gt2 Gt2 Gt2 _______ _______ _______ _______ _______ _______ 
osition Rim Rim Rim Rim Rim Vein in Vein Vein Vein Spl Sympi Syrrpl SymØ 
Sympi Sympi 
i02 37.35 37.19 36.98 37.21 37.11 37.86 37.2 37.7 37.67 37.29 37.9 38.22 
38.01 37.04 37.92 38.12 
102 1.34 1.09 1.24 1.0 1.14 0.15 1.0 0.44 0.24 033 0.08 0.07 0.0 
0.06 0.07 0.06 




































eO 3.19 421 2.51 2.21 2.91 8.93 10.84 8.62 8.56 6.69 6.62 7.31 
5.94 9.05 8.79 10.01 
mO 0.78 1.01 0.86 0.79 0.86 2.31 1.66 1.331 2.33 1 .85 1.34 2.3 2.3 0.91 1.21 1.03 
100 0.52 049 0.49 _.... 0.5 0.52 0.6 0.55 0.54 044 0 0.12 0 0.13 0.12 0.27 
CaO 31.88 30.67 31.88 32.3 31.71 25.7 24.7 26.8 26.04 27.72 29. .03 28.7 27.45 27.45 26.49 
1a20 0.0 0.0 0.03 0.0 _______ _______ 0.0 _______ 0 0.0 0 
0 0 1 0.01 0  0 0 0 0  0 0 0.0  0.01 
otal 98.9 98.85 98.63 98. 98.76 99.67 99.2 99.42 99.59 99.3 100.34 100.87 100.25 100.36 100.72 100.41 
Si 2.946 2.9441 2.932 2936 2.938 2.958 2.935 2.956 2.975 Z9621 2.967 2969 2.007 2.986 2.957 2.974 
1.49 1.51 1.463 1.496 1.469 1.731 1.757 1.739 1.611 1.507 1.612 1.6671 1.645 1.6551 1.666 1.711 
Cr 0.006 0.0071 0.007 0.008 0.008 0.002 0.007 0.01 0.018 0.017 0.002 0 0.001 01 0.001 0.00 
0.457 0.476 0.523 0.499 0.515 0.334 0.242 0.289 0.393 0.515 0.445 0.386 0.41 0.408 0.412 0.338 
0.079 0.065 0.074 0.064 0.068 0.099 0.062 0.026 0.014 0.02 0.005 0.004 0.005 0.004 0.004 0.004 
0.21 0.279 0.173 0.146 0.193 0.587 0.715 0.566 0.566 0.444 0.432 0.475 0.391 0.500 0.573 0.653 
0.061 0.058 0.058 0.062 0.058 0.061 0.078 0.065 0.064 0.052 0.011 0.014 0.019 0.015 0.014 0.03 
0.052 0.068 0.058 0.053 0.058 0.153 0.111 0.089 0.156 0.124 0.089 0.151 0.158 0.06 0.08 0.068 
Ce 2.694 2.602 2.708 2733 2.69 2,164 2.094 2.258 2.204 2.359 2.436 2333 2.402 2.3 2.294 2.215 
0.003 0.0021 0.004 0.002 0.0031 0.001 01 Ja 0.003 0 0 0.00  0 0.001 0.001 0 0.004 
0  0.001 0.0011  0  0 0 0 0 0.001 0 0.00 
otal 7.999 8.001  8 8.001  8.001 8.001 8.001 8 8.001 7.999 7.999 8.001 8.001 
Mg 0.084 0.071 0.077 0.088 0.076 0.062 0.075 0.071 0.063 0.051 0.012 0.016 0.023 0.015 0.014 0.030 
(M9' 0.225 0.172 0.251 0.298 0.231 0.004 0.098 0.103 0.102 0.105 0.025 0.029 0.046 0.025 0.024 0.045 
Jm 7 9  5  20 24 19 19 15 15 16 13 20 19 22 
Sps 2 2  2  5 41  5 4 . 5 5 2 3 2 
Pyr 7 2    2 3  2 2  0 1 1 0 1 
\nd 241 251 27 261 271 17 131 151 20  22 191 20 20 20 17 
Grs 651 621 63 651 631 571 61 54 -nj 601 591 61 aL 
571 
58 



























































02 0.t 0.05 0.1 - 0.06 OUS 0.0 0.06 0.0 0.0 0.05 0.08 0.2 0.11 0.1 
1203 18.0 17.1 17.b - 20.3w 20.36 20.3 20.47 20. 20.3 20.51 20.42 20.2 20.27 20.3 20.2 20.1 




































































































































































Fe3 0.406 0.455 0.421 - 0.11 013 0.108 0.136 0.139 0.132 0.137 0.105 0.128 0.111 0.129 0.14 0.14 
Ti 0.002 0.003 0.009 - 0.004 0.00 0.004 0.004 0.003 0.004 0.003 0.005 0.016 0.01 0.009 0.00 0.00 
Fe2  0.441 0.442 0.434 - 2.115 2.11 2.124 2.099 2.09 2.11 2.087 2103 2.197 2.171 2.142 2.053 2.044 




































Na 0 0 0.003 - 0.002 0.003 0.001 0.002 Ci 0.004 0.002 0.003 0.007 0.003 0.003 0.001 
K 0 0  0 U  0 0 0  0.001  0.001  0.001 0.001 0.00 
Total 8.001 8.001 8.001 8 8.001 8.001 8.001 8.002 8.002 8 8.001 8.001 7.998 8.002 
,Y,m q 0.016 0.012 0.010 - 0.114 0.113 0.118 0.120 0.120 0.113 0.123 0.130 . 0.128 0.131 0.128 0.126 0.12 
XMg 0.031 0.024 0.0201 1 	0.119 0.119 0.123 0.127 0.127 0.120 0.130 0.1361 0.134 0.1361 0.135 0.134. 0.13 
Aim 15 ' 	15 151 1 71 71 71 71 71 71 71 71 74 73 72 6 6 
Sps 4 3 - 7 7 7 7 7  7  6  6 
Pyr 0 0 - 10 10 10 10 10 1 11 1 11 12 11 11 il l  
And 20 23 21 - 5 6 5 7 7  7  6 6 6  7 
Grs 61 59 61 - 7 5 6 5 5 _____ 5 _____ 2 4 4 ______ 8 
Appendix 4 	 Mineral analyses of Calcsilicates and selected gneiss 
Clinopyroxene 
293 
Rocktype 	jCaIcsIl CaslI aIcsiI Calcsii CaIcsiI CasiI CaIcslI Calcsil CaIcsII CasII 
CaIcsII Calcsil Caicsil Casii Calcsil 
Phase Pyroxene Pyrexeyraene yroxene F>.oxene Pytuxene Pyracene Pyroxene Pyroxene Pyroxene 
Pyraene Pyroxene Pyroxene Pyloxene Pyraene 
Texture TI TI 
Ine 
TI TI TI TI TI TI TI TI TI TI TI TI 
TI 
Position CORE CORC0I CORE RIM RIM RIM Core Core Core 
Rim Rim Rim Rm Rim 
Thin section VH437-4 VI-1437H437-4 /H437-4 VH437-4 VH437-4 /H437-4 VH439-11 VH439-11 VH4.39-11 
VH439-11 VH439-11 VH439-11 VH439-11 VH439-1I 
S102 48.80 46.79 46.33 46.40 47.15 46.65 47.71 47.94 48.75 48.01 
48.84 48.79 49.49 49.591 49.53 
1102 0.58 0.621 0.67 0.55 0.57 0.61 0.50 0.32 0.27 0.36 
0.22 0.25 0.20 0.221 020 
A1203 5.40 5.621 5.77 5.71 5.14 5.50 445 3.07 2.21 
3.03 2.24 2.08 1.50 1.83 1.63 
Cr203 0.02 0.011 0.06 0.03 0.03 0.04 0.06 0.03 0.00 0.06 
0.03 0.02 0.01 0.02 0.05 
FeO 14.44 14.481 14.67 14.63. 14.25 14.43 14.37 15.80 15.35 15.57 
15.29 14.69 14.48 14.16 14.94 
MnO 0.51 0.551 0.59 0.55 0.48 0.51 0.39 0.92. 0.82 0.81 
0.87 0.70 0.67 0.54 0.70 
MgO 	1 7.68 7.61 7.63 7.56 7.91 7.74 827 
7.30 7.92 7.31 8.26 8.5 8.80 8.34 
CaO 23.50 23.42 23.52 23.53 23.56 23.47 23.56 23. 24.0 23.97 E
24.  24.01 24.2 24.24 24.19 
Na20 0.42 044 0.46 0.45 0.41 0.43 0.34 0.14 0.14 0.15 
 0.12 0.11 0.12 0.12 
K20 0.00 0.00 0.0 0.01 0.01 0.0 0.00 0.00 0.00 0.01 
 0.01 0.00 0.01 0.0 
Total 99.3 99.53 99.68 99.52 99.51 99.3 99.66 99.47 99.4 99.2 99.36 
98.91 99.23 99.51 99.71 
Si 1.828 1.824 1.809 1.813 1.837 1.823 1.855 1.886 1.912 1.890 1.916 
1.917 1.936 1.829 1.932 
AIIV 0.172 0.176 0.191 0.187 0.163 0.177 0.145 0.114 0.088 0.110 0.084 0.083 0.064 
0.071 0.068 
Al"  0.077 0.082 0.074 0.076 0.072 0076 0.058 0.029 0.014 0030 
0.020 0.014 0.005 OD121 0.006 
11 0.017 0018 0.00 0.019 0.017 0018 0.015 0.009 0.008 0011 0.007 0.007 
0.006 0.0061 0.006 
Fe3 0.092 0.0901 0.111 0.105 0.0881 0097 0.082 0.076 0.069 0068 0.059 0.063 0.055 
0054 0.058 
Fe2 0.380 0382 0.367 0.373 0.376 0374 0.386 0.443 0435 0445 0.443 0.419 0.418 
0406 0.429 
Mn 0.017 OD181 0.019 0.018 0.0161 0017 0.013 0.031 0.027 0.027 0.029 0.023 0.022 
OD18 0.023 
Mg 0.447 0442 0.444 0.440 0.459 0450 0.419 0.428 0.463 0429 0.452 0.484 
0.495 0.510 0.485 
Cr 0.000 0 DOO 0.002 0.001 0.001 0.001 0.002 0.001 0.000 0002 0.001 0.001 0.000 0.001 
0.002 
Ca 0.984 0.978 0.983 0.985 0.983 0982 0.981 1.0101 1.009 1.011 1.010 1.011 1.017 
1 D110 1.011 
Na 0.032 0 D33 0.035 0.034 0.031 0033 0.026 0.0111 0.010 0011 0.009 0.009 0.008 
OD09 0.009 
K 0.000 0 D00 0.000 0.000 0.000 0000 0.000 0.0001 0.000 0001 0.000 0.000 0.000 
ODOO 0.001 
btal 4.046 404 4.0 4.0 4.044 4049 4.041 4.038 4.034 4034 4.029 4.032 4.028 4 D27 4.029 
XM9 0.487 0484 0.481 0.479 0.497 0489 0.506 0.452 0.479 0456 
0.474 0.501 0.511 0525 0.499 
Jo 5 5  5 51 51  50 51 5 51 5 51 50 
En 23 23 2 23 24 23 25  23 22 23 24 25 26 24 

































Texture 12 T2 12 12 12 12 T2 T3 13 13 13 T3 
13 13 13 
Potion CORE CORE CORE CORE CORE CORE RIM CORE CORE CORE CORE RIM RIM 
RIM RIM 



































































































































K20 0.00 0.00 0.00 0.00 0.01 0,01 0.011 0.01 0.01 0.00 0.00 0.00 0.01 0,01 
0.00 
Total 100.15 99.95 100.01 100.63 100.16 99.71 100.621 100.22 100.19 100.06 100.52 99.91 100.13 100.39 100.1 
Si 1.961 1.960 1.960 1.9591 1.950 1.9E4 1.9521 1.859 1.838 1.836 1.858 1.885 1.869 1.910 1.904 
AJIV 0.039 0.040 0.040 0.041 0.050 0.046 0.048 0.141 0.162 0.164 0.142 0.115 0.1311 0.090 0.096 
0.017 0.017 0.018 0.017 0,015 0.016 0.017 0.061 0.065 0.067 0.058 0.052 0.049 0.038 0.038 
Ti 0.002 0.001 0.002 0.001 0.002 0.002 0.002 0.011 0.013 0.012 0.010 0.011 0.011 0.008 0.008 
Fe3 0.041 0.041 0.043 0.044 0.056 0.051 0.050 0.082 0.092 0.097 0.0871 0.073 0.086 0.0651 0.072 
Fe 2 
 0.5221 0.519 0.522 0.5171 0.512 0.513 0.5151 0.477 0,460 0.458 0.457 0.466 0.442 0.461 0.443 
Mn 0.023 0.024 0.023 0.024 0.022 0.023 0.025 0.016 0.014 0.013 0.016 0.011 0.011 0.008 0.010 
Mg 0.358 0.401 0.401 0.404 0.403 0.358 0.402 0.378 0.380 0.383 0.402 0.409 0.424 0.440 0.446 
Cr 0.000 0.001 0.000 0,001 0.000 0.001 0.000 0.002 0.001 0.000 0.002 0.002 0.002 0.001 0.001 
Ca 0.995 0.994 0.988 0.989 0.993 0.995 0.990 0.990 0.998 0.996 0.986 0.980 0.992 0.981 0.987 
Na 0.022 0.022 0.024 0.024 0.024 0.025 0,024 0.025 0.022 0.024 0.025 0.034 0.026 0.0301 0.031 
K 0.0001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
Total 4.025 4.021 4.021 4.022 4.028 4.025 4.025 4.041 4.046 4.049 4.043 4.036 4.043 4.033 4.036 
XM9 0.414 0.417 0.416 0.418 0.415 0.414 0.415 0.404 0.408 0.408 0.425 0.432 0.445 0.456 0.464 
Wo 50 50 501 SD 50 50 50 51 51 51 51 51 51 58 51 
En 20 20 201 20 201 20 20 19 20 201 21 21 22 23 23 
Fs 30 30 30 39 30 30 30 30 29 29 29 28 28 27 27 
ock rype CcsiI CcsiI CcsiI CcsiI CcsiI CcsiI CcsiI CcsiI Calcsil CcsiI CcsiI CcsiI CcsiI CcsiI CcsiI CcsiI 
Cal 
Phe Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene yroxene Pyroxene Pyroxene Pyroxene Pyroxene >yroxene Pyroxene Pyroxene yroxene Pyroxene Pyroxene Pyroxene 
exture T4 T4 T4 14 T4 T4 T4 T4 T4 T4 T4 T4 T4 T4 T4 T4 T4 
Position CORE CORE CORE CORE CORE CORE CORE CORE RIM RIM RIM RIM RIM RIM RIM RIM RIM 





































Al2O3 8.5 8.8 T8 8.04 8.1 8.06 8.57 T T 6.9 6.7 5. 6.54 6.18 6.67 5.1 
Cr203 0.0, 0.0 0.0 0.0' 0.0 0.0 0. 0.0 0.02 0.( 0.0 0.0 
FeO 12.53 127 125 11.62 11.74 11.81 12.5 12.1 12.1 11.5 11.33 11.27 12.1 11.75 11.86 11.9 11.45 
MnO 0.31 0.3 0.34 0.3 0.26 0.28 0.35 0 0 0.25 02 0.24 0. 0.25 0.26 0. 0.2 
MgO 7.55 7.4 7.4 8.19 8.2 8.26 7.5 T77 TT 7 8.95 9.1 9.27 8.5 8.9 8.66 9.32 
CeO 23.93 23.9 23.8 24.1 24.14 24.05 23.97 24 24.0 24,13 24.1 24.15 24.2 24.27 24.05 24 24.13 
Na2O 0.321 0.32 0 0,29 0.31 0.3 0.32 0.311 0.29 0.27 028 026 0.28 0.27 0.291 0 0.26 
K2O 01  0.01 0 0 0.01  0 01 0.01 0 0.01 0.01  0.01 0.01 - 0.01 
otal 98.29 98.27 98.31 98.08 98.68 98.68 98.29 98.481 98.28 98.97 98.97 98.57 98.87 98.84 98.81 98.16 98.62 
Si 1.729 1.719 1.722 1.742 1.744 1.745 1.729 1.729 1.728 1.775 1.783 1.811 1.780 1.794 1.783 1.791 1.830 
0.271 0.281 0.278 0.258 0.256 0.255 0.271 0.271 0.272 0.225 0.217 0.189 0.220 0.206 0217 0.209 0.170 
AIM 0.125 0.129 0.133 0.113 0.116 0.115 0.125 0.128 0.128 0.092 0.0891 0.072 0.0801 0.077 0.089 0.082 0.064 
0.030 0.030 0.031 0.031 0.031 0.032 0.030 0.030 0.030 0.031 0.0301 0.030 0.032 0.030 0.032 0.028 0.028 
Fe3  0.1071 0.114 0.106 0.102 0.100 0.098 0.108 0.1041 0.104 0.089 0.0891 0.076 0.095 0.088 0.084 0.094 0.070 
0.305 _004 0.305 0.279 0.282 0.287 0.303 0.294 0.294 _0 0.278 0.290 0.301 0.293 0.301 0.2981 0.302 
Mn 0.010 _0 .01 0.011 0.010 0.009 0.009 0.012 0.010 0.010 _0 0.008 0.008 0.010 0.008 0.009 0.009 0.008  
Mg 0.442 _034 0,435 0.479 0.479 0.4801 0.440 0.453 0.450 0.517 0.527 0.537 0.497 0.516 0.502 0.498 0.539  
Cr 0.002 0.002 0.002 0.009 0.002 0.0021 0.002 0.002 0.002 0.002 0.001 0.001 0.001 0.000 0.001 0.001 0. 
Ca 1.007 1.008 1.004 1.013 1.008 1.0041 1.009 1.005 1.012 1.002 1.001 1.005 1.010 1.010 1.002 1.015 1.004  
Na 0.024 0.024 0.025 0.022 0.023 0.023 0.024 0.024 0.022 0.020 0.021 0.020 0.021 0.020 0.022 0.023 0.0201  
K 0.0001 0.000 0.0011 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  
otsi 4.054 4.057 4.053 4.051 4.050 4.049 4.054 4.052 4.052 4.045 4.045 4.038 4.048 4.044 4.042 4.047 4.035  
Mg 0.518 0.509 0.514 0.557 0.556 0.555 0.517 0.532 0.531 0.581 0.590 0.595 0.556 0.574 0.566 0.560 0.592 
54 54 54 54 54 53 54 54 54 53 53 52 53 53 53 53 5 
En _24 23 23 25 261 26 24 24 24 27 28 28 261 27 26 26 28 
Fs _23 23 23 21 211 211 23 22 221 20 20 201 211 20 21 211 20 
'0 
CN 
Rock type Calcsil Calcsil CaIcsiI Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil Calcsil 
Phase Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene 
Texture T4 T4 14 14 14 14 15 T5 15 15 15 15 15 
Position Vein Vein Vein Vein Vein Vein PXa CORE PXa CORE PXa CORE PXa RIM PXa RIM PXa RIM PXa RIM 
Thin secti H438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH438-11 VH484 VH484 VH484 VH484 VH484 VH484 VH484 
Si02 44.65 44.38 48.76 46.90 49.35 47.26 48.86 50.60 50.32 49.391 49.951 50.49 50.10 
1102 0.99 1.01 0.38 0.54 0.29 0.72 0.75 0.24 0.32 0.50 0.351 0.31 0.36 
A1203 7.81 8.00 3.18 5.42 2.66 4.63 3.79 1.77 2.20 2.79 2.21 2.03 2.38 
Cr203 0.02 0.10 0.05 0.10 0.07 0.10 0.02 0.00 0.00 0.0 0.01 0.00 0.02 
FeO 13.01 12.76 13.04 13.10 12.74 12.44 12.28 12.43 12.34 12.16 12.21 12.12 12.10 
MnO 0.32 0.31 0.461 0.43 0.44 0.29 0.38 0.37 0.39 0.3 0.42 0.40 0.38 
MgO 7.96 7.92 9.33 8.39 9.57 9.29 9.74 10.57 10.41 10.16 10.11 1 10.41 10.27 
CaO 23.97 23.92 23.95 23.32 23.87 24.23 23.49 23.83 23.41 23.68 23.74 23.87 23.70 
Na20 0.24 0.22 0.24 0.27 0.26 0.22 0.34 0.25 0.48 0.2 0.28 0.30 0.34 
K20 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.021 0.00 
Total 98.97 98.62 99.39 98.47 99.24 99.18 99.68 100.06 99.90 99.34 99.29 99.94 99.66 
Si 1.745 1.739 1.889 1.835 1.910 1.834 1.877 1.935 1.926 1.903 1.925 1.931 1.921 
Al IV 0.255 0.261 0.111 0.165 0.090 0.166 0.123 0.065 0.074 0.097 0.075 0.069 0.079 
Al "1 0.104 0.109 0.034 0.085 0.031 0.0461 0.049 0.014 0.026 0.029 0.025 0.022 0.029 
Ti 0.029 0.030 0.011 0.016 0.008 0.0211 0.022 0.007 0.009 0.014 0.010 0.009 0.010 
Fe3 0.110 0.106 0.0711 0.066 0.059 0.0911 0.056 0.056 0.065 0.060 0.050 0.051 0.054 
Fe 2+ 0.315 0.312 0.352 0.362 0.353 0.313 0.339 0.341 0.3301 0.332 0.343 0.337 0.335 
Mn 0.010 0.010 0.015 0.014 0.014 0.009 0.0121 0.0121 0.013 0.011 0.0141 0.013 0.012 
Mg 0.464 0.462 0.539 0.489 0.552 0.538 0.558 0.60M 0.594 0.584 0.581 0.593 0.587 
Cr 0.001 0.003 0.002 0.003 0.002 0.003 0.001 0.0001 0.000 0.001 0.000 0.000 0.001 
Ca 1.003 1.004 0.994 0.977 0.990 1.008 0.967 0.971 0.960 0.977 0.980 0.978 0.974 
Na 0.018 0.017 0.018 0.021 0.019 0.017 0.025 0.0191 0.036 0.022 0.021 0.022 0.025 
7 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.000 
Total 4.055 4.053 4.035 4.033 4.030 4.046 4.028 4.0281 4.033 4.030 4.025 4.026 4.027 
XM9 0.522 0.525 0.560 0.533 0.572 0.571 0.586 0.60 0.600 0.598 0.596 0.605 0.602 
Wo 53 53 50 51 50 51 50 491 49 50 50 50 50 
En 24 24 27 26 28 1 27 29 31 30 30 30 30 30 




Rock type Calcsil Calcsil Calcsil Calcsil 	lCalcsil Calcsil Calcsil Calcsil 
Phase Pyroxene Pyrccene Pyroxene Pyroxene jPyroxene Pyroxene Pyroxene Pyroxene 
Texture 16 T6 T6 T6 T6 T6 T6 T6 
Position PXb PXb PXb PXb PXb PXb PXb PXb 
Thin section VH483 VH483 VH483 VH483 VH483 VH483 VH483 VH483 
Si02 52.22 50.97 52.99 53.10 51.35 52.94 52.90 53.04 
T102 0.13 0.31 0.00 0.03 0.31 0.01 0.04 0.02 
A1203 1.09 2.05 0.40 0.62 1.98 0.51 0.64 0.5 
Cr203 0.05 0.03 0.05 0.00 0.04 0.02 0.04 0.04 
FeO 7.31 8.43 7.09 6.25 8.32 7.63 7.09 7.33 
MnO 0.34 0.36 0.36 0.30 0.36 0.31 0.30 0.32 
MgO 13.45 12.58 13.75 14.28 12.52 13.54 13.76 13.71 
CaO 24.97 24.64 25.05 25.18 24.70 25.02 25.07 24.86 
Na20 0.09 0.15 0.05 0.05 0.18 0.081 0.08 0.07 
K20 0.00 0.02 0.00 0.011 0.01 0.00 0.00 0.02 
Total 99.64 99.54 99.74 99.82 99.77 100.06 99.91 99.98 
Si 1.960 1.927 1.983 1.977 1.934 1.979 1.976 1.980 
Al 1" 0.040 0.073 0.017 0.023 0.066 0.021 0.024 0.020 
AIVI 0.008 0.018 0.000 0.0041 0.022 0.001 0.004 0.005 
Ti 0.004 0.009 0.000 0.001 0.009 0.000 0.001 0.001 
Fe 3 0.031 0.048 0.020 0.020 0.038 0.025 0.022 0.018 
Fe 
2+ 
0.199 0.218 0.202 0.174 0.225 0.214 0.199 0.211 
Mn 0.011 0.011 0.011 0.010 0.011 0.010 0.009 0.010 
Mci 0.752 0.709 0.767 0.793 0.703 0.754 0.766 0.763 
Cr 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 
Ca 1.004 0.998 1.004 1.004 0.997 1.002 1.003 0.994 
Na 0.007 0.011 0.004 0.004 0.013 0.006 0.005 0.005 
K 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 
Total 4.016 4.025 4.010 4.010 4.019 4.012 4.011 4.009 
Xmg 0.766 0.727 0.776 0.803 0.728 0.760 0.776 0.769 
Wo 50 50 50 50 51 50 50 50 
En 1 	38 36 38 40 361 38 38 38 
Fs 1 12 14 121 10 141 12 12 12 
Rock type Gneiss Gieiss Gneiss Gneiss Gneiss Gnes Gneiss Cieiss (,eiss Gneiss Gneiss Gneiss Gnes Gneiss 
Phase Pcoxene Pyroxene Pyroxene Pyroxene Pyroxme Pyrene Pyrene Pyroxene Pyroxene Pyroxene Pyroxene Pyroxene Pyrene Pyroxene 
lecture Core Cae Core Core Core Core Rim Rim Rim Rim Rim Rim Rim Rim 
Position Pxl I1 Pxl Pxl Pxl Pxl Pxl Pxl F1 Pxl Pxl Pxl Pxl Pxl 
Thn section  
S102 50.29 5029 49.39 50.99 50.31 50.38 50.7 50.55 50.63 50.58 50.77 50.4 46.5 50.9 
102 0.17 0.16 0.15 0.09 0.11 0.12 0.08 0.12 0.17 0.11 0.15 0.16 0.14 0.14 
AJ2O3 1.64 1.55 2.29 1.21 1.43 1.47 1.16 1. 1.4 1.3 1.39  1.63 3. 1.44 
a-203 0.01 0 0.02 0.02 0.01 0.01 0 0.02 0  0.03 0.01 0.01 0.01 
FeO 13.94 15.18 14.14 12.67 12.69 12.1 12.51 12.83 13.08 12.6 12.57 13.4 15.1 12.61 
MnO 0.49 0.54 0.431 0.43 0.4 0.37 0.411 0.43 0.43 0.39 0.43 0.47 0.381 0.38 
MgO 10.43 1048 10.65 10.51 10.63 10.55 10.42 10.55 1024 10.56 10.46 10.32 10.951 10.4 
caO 21.51 20.05 20.7 22.79 22.68 22.95 22.89 22.66 22.64 22.8 229 21.83 18.8 22.6 
Na20 0.37 0.3 0.35 0.29 0.34 0.29 0.27 0.3 0.3 0.2 0. 0.37 0.35 0.34 
K20 0.01  0.02 0.01 0.01 0.0 0 0 0.01 0.0 0.01 0 0.09 0.03 
ldaI 98.86 98.61 98.14 99.07 98.61 98.3 98.51 98.77 98.9 98.7 99.04 98.59 95.7 99.0 
Si 1 .950 1 .95 1.928 1.965 1.951 1.955 1.9671 1.957 1.969 1.957 1.958 1.955 1.8741 1 .96: 
1IV 0.060 0.043 0.072 0.035 0.049 0.045 0.03 0.043 0.011 0.043 0.042 0.045 0.12 0.03 
AJ 0.0 0128 0.034 0.023 0.016 0.022 0.02C 0.016 0123 0.017 0.021 0.029 0.031 0.02 
Ti 0.006 0.005 0.004 0.003 0.003 0.003 0.00 0.003 0.005 0.003 0.004 0.001 0.004 0.004 
Fe3 0.043 0.032 0.056 0.027 0.052 0.039 0.02 0.043 0.030 0.041 0.036 0.034 0.115 0.02 
Fe 0.409 0.462 0406 0.381 0.360 0.356 0.37 0.372 0.3 0.367 0.369 0.401 0.39 0.38 
Mn 0.Olb 0.01 0.014 0.014 0.013 0.012 0.01 0.014 0.014 0.013 0.014 0.016 0.0131 0.01 
Mg 0.603 0.608 0.620 0.604 0.614 0.610 0.6021 0.609 0.1 0.609 0.601 0.597 0.6571 0.601 
Cr 0.000 0.000 0.001 0.001 0.000 0.000 0.0001 0.0011 0.000 0.000 0.001 0.000 0.0001 0.00 
Ca 0.893 0.836 0266. 0.941 0.942 0.954 0.951 0.940 0.938 0.948 0.946 0.907 0.81 0.93 
Na 0.029 0127 OD271 0.022 0.025 0.022 0.020 0.023 0122 0.021 0.024 0.028 0.0281 0.02 
K 0.000 0.000 0.001 0.000 0.001 0.001, 0.000 0.000 0.000 0.001 0.001 0.000 0.0041 0.00 
ldaI 4.022 4.016 4D29 4.016 4.026 4.019 4.014 4.021 4.016 4.020 4.017 4.017 4.0591 4.01 
XNI g 0.572 0.552 0.573 0.597 0.598 0.607 0.598 0.596 0.603 0.599 0.597 0.578 0.564  0.59 
461 43 44 48 48 481 481 48 48 48 48 46 41 48 
En 311 31 32 31 31 311 311 31 30 31 311 31 33 31 
Fs 241 261 241 211 21 211 211 22 22 211 211 23 26 21 
Appendix 4 	 Mineral analyses of Calcsilicates and selected gneiss 
Biotite 
300 
Rock type Petite Petite Pelite Petite Petite Pelite 
Phase Biotite Biotite Biotite Biotite Biotite Biotite 
Thin section VH483-7 VH483-7 VH483-7 VH483-7 VH483-7 VH483-7 
S102 35.42 35.52 34.98 35.18 35.16 35.42 
Ti02 4.09 4.12 4.03 3.83 4.08 4 
A1203 14.51 14.5 14.57 14.51 14.5 14.48 
Cr203 0.031 0 0 0.01 0.04 0.02 
FeO 21.071 21.07 20.89 21.4 21.18 21.01 
MnO 0.051 0.08 0.08 0.07 0.07 0.06 
MgO 10.61 10.52 10.59 10.58 10.41 10.47 
CaO 0.011 0.01 0.01 0.01 0.011 0 
Na20 0.091 0.07 0.09 0.1 0.091 0.08 
K20 9.211 9.18 9.35 9.02 9.31 9.32 
Total 95.071 95.07 94.59 94.71 94.85 94.86 
Si 5.4841 5.497 5.453 5.474 5.468 5.497 
AIIV 2.516 2.503 2.547 2.526 2.532 2.503 
AIVI 0.129 0.142 0.129 0.136 0.126 0.146 
Ti 0.47 0.479 0.472 0.448 0.477 0467 
Cr 0.004 0 0 0.002 0.004 0.002 
Fe 
2+ 2.728 2.727 2.722 2.784 2.755 2.727 
Mn 0.0071 0.011 0.01 0.01 0.0091 0.008 
Mg 2.4471 2.426 2.46 2.455 2.415 2.424 
Ca 0.002 0.001 0.001 0.002 0.002 0 
Na 0028 0 0.026 0.031 0.027 0.025 
K 1818 _1 1.858 1.79 1.848 1.845 
Total 14 1562 15.678 15.651  15.663 15.644 
XMg  1 	0.4731 0.471 0.475 0.469 0.467 0.471 
0 
Appendix 4 	 Mineral analyses of Calcsilicates and selected gneiss 
Amphibole 
302 
Rock type Pelite Pelite Pelite Gneiss Gneiss Gneiss 
Phase Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole 
Thin section VH483-7 VH483-7 VH483-7 VH483-7 VH483-7 VH483-7 
Name Tschermakite Tschermakite Tscherrnakite Tschermakite MagnesiohorneblendE Magnesiohorneblend e 
Si02 42.26 41.32 41.65 41.94 43.3 49.04 
Ti02 0.32 0.17 0.13 0.88 0.31 0.12 
A1203 11.05 12.37 12.31 11.93 10.77 4.95 
Cr203 0.01 0.02 0.03 0.02 0.02 0.02 
FeO 18.98 18.82 18.27 18.44 17.94 15.37 















N320 0.83 1.06 0.94 1.21 1.04 0.57 
K20 1.31 1.19 1.12 1.12 0.84 0.32 
Total 95.93 95.3 95.04 95.93 95.811 95.46 
Si 6.468 6.363 6.409 6.413 6.573 7.296 
AIIV 1.532 1.637 1.591 1.587 1.427 0.704 
AIVI 0.461 0.609 0.641 0.563 0.49€ 0.164 
Ti 0.037 0.020 0.016 0.101 0.03€ 0.014 
Fe3 0.574 0.566 0.529 0443 0.600 0.524 
Mg 2.033 1.905 1.949 1.940 2.15' 2.863 
Fe 
2 1.856 1.858 1.822 1.914 1.674 1.388 
Mn 0.039 0.040 0.040 0.037 0.03 0.045 
Ca 1.961 1.936 1.943 1.899 1.895 1.880 
Na(B) 0.039 0.064 0.057 0.101 0.105 0.120 
Na(A) 0.208 0.252 0.223 0.259 0.201 0.046 
K 0.255 0.233 0.219 0.218 0.16: 0.060 
Total 15.462 15.483 15.438 15.475 15.362 15.105 
ixmg 0.523 0.506 0.517 0.503 0.563 0.673 
0 
